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SUMMARY
Allis-Chalmers has been conducting a major program of research and development
of a nominal 2 kw, 29 volt, hydrogen-oxygen fuel cell module for NASA since 1962.
Original .1velopment of this fuel cell module was started under Marshall Space
Flight Center Contract NAS8-•2696. Early work was concentrated in the areas of
fundamental research and development on capillary Matrix fuel cells.
Tha grogram was given major impetus by the development of the Static Vapor
Control System in 1963. In the summer of 1964, a 1.5 kw, 28 volt breadboard system
was built and successfully tested.
Through the close coordination of Marshall Space Flight Center (MSFC) and
Manned Spacefraft Center (MSC), the program has evolved through two major phases:
Phase I - Basic design of the fuel cell and closed loop water recovery. (MSFC
Contract NAS8-2696)
Phase 11 -• Design toward 1500 hour flight capability, packaging for mission
environments, and verification testing; a secondary objective was
advancement of the design toward a 2500 hour capability. (MSC
Contracts NAS9-5834 and NAS9-6737)
This report summarizes the work performed under Phase H. The following
major objectives were achie pd:
Under Contract NAS9-5834, the basic design demonstrated a capability of
achieving 1500 hour objectives; preliminary flight packaging and addition
of support components was also accomplished.
O An engineering module (Engineering Development Stack, EDS-1) was tested
for 2800 hours within performance limits, achieving the 2500 hour goal of
Contract NAS9-6737.
• Two modules (SIN 15 and 16) were assembled, acceptance tested, and
engineering evaluation tested.
• All components underwent Design Verification Testing (DVT).
• A final packaging arrangement was achieved, including the addition of new
components which provide a complete flight configuration.
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• A quality assurance s ystem was developed and implemented to meet NASA
requirements for Phase II of the program and provide Phase III capability.
• Fn»r DVT modules were planned for production and delivery to NASA-MSC.
Late in Contract NAS9-6737, work on these four modules was suspended
by NASA in order to upgrade ,:he modules and conduct flight qualification.
Phase III, "Flight Qualification of Improved Fuel Cell Electrical Power System,"
is now underway under MSC Contract NAS9-8639.
Parallel to the major hardware, design, development, and prototype programs
identified as Phase I and Phase II above, Allis-Chalmers performed Technology and
Reliability Assessment Contracts for MSFC. Work under the Technology Contract,
NAS8-20573 consis*_Ad of studies, experiments, development tests, and feasibility
tests leading to a fundamental understanding of the performance and control of the
Capillary Matrix fuel cell.
	 Under the Reliability Assessment Contract, eleven
2 kw fuel cells have been tested to determine and extend the range of reliable and
safe operation; this included gathering of quantitative uata on the ability of the
Allis-Chalmers system to withstand reactant overpressure, start/stop operation,
bootstrap start-up, high power stress (the 2 kw NASA system peaks at slightly
over 5 kw), water removal imba'ance, life potential, and transient response.
Results of the Technology contract are summarized in Allis-Chaimers Report
No. NAS8-20573-SR003; Results of the Reliability Assessment contract are summarized
in Allis-Chalmers Report No. NAS8-2696-SR004.
s
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INTRODUCTION
This report summarizes the work performed by Allis-Chalmers under NASA-MSC
Contracts NAS9-5834, "Fuel Cell Test and Evaluation Program, " and NAS9-6737,
"Improved Fuel Cell Electrical Power System". These two contracts comprise the
Phase H effort of the NASA AAP Fuel Cell Program.
NASA AAP Fuel Cell Program
Early in 1965, NASA initiated a program to evolve a closed cycle, multi-purpose
oxygen-hydrogen fuel cell power system for application to a variety of space missions
up to 90 days in duration, for missions requiring intermittent operation over a two
year period, and for lunar surface applications. This overall program is being ac-
complished in three phases.
Phase I - Basic Research and Development
• Engineering development of a closed cycle fuel cell system, and design
feasibility testing to determine that the design approach is compatible
with the intended use.
Phase H - Flight Hardware Development
• Design towards 1500 hours flight capability, packaging for mission environ-
ments and design verification testing. A secondary objective was the ad-
vancement of the design towards a 2500 hour operational capability.
Phase III - Flight Qualification
• Qualification of the fuel cell system to 1500 hours with a second increment
of qualifying to 2500 hours.
Status of Program at Allis-Chalmers
Phase I of the AAP 'Fuel  Cell Program was completed under NASA -MSFC Contract
NAS8-2696, Mod. 10. During this phase of the effort, the fuel cell system concept was
developed into a preliminary flight-oriented package, selection and verification testing
of flight-oriented components was started, and extensive studies and tests were per-
formed on fuel cell stacks built under previous contracts to establish the feasibility of
the design. Based on the fuel cell system design evolved as a result of these efforts,
Fuel Cell System No. 11 was built and delivered to NASA-MSC for their engineering
evaluation. Preparation was also made for building two additional systems (System
I
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No. 9 and System No. 10.) which were used for in-house engineering evaluation early
in the Phase II follow-on effort.
Phase II of the AAP Fuel Cell Program was initiated under Contract NAS9-5834
with NASA-MSC, and completed under Contract NASD-6737. This report is a summary
of the work performed by Allis-Chalmers to meet the objectives of the Phase II effort
covered by both contracts.
Objectives of NAS9-5834
The objectives of the first part of the Phase 11 effort were to:
• Optimize the fuel cell design toward 1500 hours of operational flight
worthiness through continued component, subsystem and system testing.
• Initiate a design feasibility test program on the optimized design.
0 Initiate a component improvement program leading toward improved
reliability and/or extended life.
Objectives of NAS9-6737
The objectives for completion of the Phase II effort were to:
• Conduct design and development effort necessary to extend the fuel cell
system life toward 2500 hours of operational flight worthiness.
• Conduct design feasibility testing on the advanced design units to establish
that the optimized design_ is compatible with the intended use.
• Perform preliminary design verification testing on two DVT configured fuel
cell systems supplied to Allis-Chalmers as GFE
• Deliver five DVT configured fuel cell systems to NASA-MSC for accomp-
lishment of Design Verification testing by NASA.
Redirection of NAS9-6737
Only one DVT configured fuel cell system was furnished as GFE for in-house
testing. Consequently, the program was redirected to use one of the deliverable units
for in-house testing, and to deliver four units to NASA.
Late in the program NASA issued a Stop Work Order on the fabrication of the four
deliverable DVT units. The stated purpose of this directive was that NASA is con-
templating to use these four units for a flight qualification effort. As a result of this
directive, all fabrication efforts on these four DVT fuel cell modules was suspended.
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OVERVIEW OF NASA 2 KW FUEL CELL DEVELOPMENT
The Allis-Chalmers 2 kw fuel cell hardware development program began in 1963
and continued in parallel with Technology and Reliability Assessment programs. This
2 kw fuel cell module is presently being qualified for AAP missions.
The module has progressed through a series of development phases, each of which
will be discussed herein. Design evolution is shown in Figure 1.
Verification of Design Approach (1963-1964)
The following major decisions were made concerning the development approach
during this initial concent verification phase.
FUEL CELL ELECTROLYTE CONTROL
Static Vapor Pressure Control was selected as the superior control method over a
hydrogen recirculation method. This decision was reache,: after a thorough investi-
gation of both methods.
STACK DESIGN
Fuel cell plate and electrode size was standardized at 0.2 ft 2 . This decision was
based upon reliability considerations to use two parallel connected individual cells to
comprise a cell section. Magnesium was selected as the base plate material because
of its light weight, excellent thermal and electrical conductivity and compatibility with
alkaline electrolytes. Electrolus nickel plating was used to protect the magnesium
from galvanic corrosion caused by dissimilar materials in the stack.
THERMAL CONTROL
The selected approach to thermal control was to recirculate helium gas over fins
formed on the edges of the cell plates to remove the internally generated heat. The
heated helium gas was then directed through a gas/liquid heat exchanger to eject the
fuel cell heat to the vehicle radiator system. This approach produced the following
reliability benefits:
• The liquid coolant did not penetrate the fuel cell stack.
• The helium gas was pressurized to the same pressure as the reactant gases,
thereby reducing the differential pressure stress on the fuel cell stack gaskets
to zero.
3
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Figu:e 1. Evolution of NASA 2 KW Design for Phase 11 - AAP Fuel Cell Program
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0 The fuel cell stack was blanketed with an inert helium gas, a highly desirable
safety feature.
40 The intermediate gas coolant allowed interfacing with various vehicle coolants
without major material compatibility problems.
BREADBOARD DESIGN
The first design effort produced several 2 kw breadboard systems. The develop-
ment objectives for this phase of the program vrere:
0 Verification of the Static Vapor Pressure Control System and integrated
thermal control system. (See Figure 2).
0 Establishment of baseline performance technology against which performance
improvements could be measured.
40 Identification of problem areas which required additional effort.
Three fuel cell breadboard systems were built and tested, one of which was de-
livered to NASA - MSC. These initial breadboard systems used electrical controls
and fluid control hardware assembled in breadboard fashion using commercially avail-
able components. Two types of systems were developed. One type vented the water
formed by the fuel cell reaction to simulated space vacuum; the other system recovered
and stored it as potable water.
40 HRS
ZZ
7605 HRS	 230 HRS
430 HRS
0	 .4	 .8	 1.2
	
1.6
	
2.0	 2.4
POWER OUTPUT, KILOWATTS
Figure 2. Phase I Baseline Performance with Static Vapor Pressure Control
SUMMARY - HIGHLIGHTS OF VERIFICATION OF DESIGN APPROACH
• The Static Vapor Pressure Control method was verified at the 2 kw fuel cell
level.
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• The gas/liquid thermal control method was verified.
• Baseline performance was established.
40 Future development areas were defined.
A more detailed report of Phase I efforts is contained in Allis-Chalmers report
No. iIAS8-2696-SR-002.
Engineering Design, Development and Test of Engineering
Evaluation Systems (1964-1966)
The goal of this phase of the program was to accomplish adequate research and
development of materials and processes and establish engineering criteria to ensure
an operational Capillary Matrix fuel cell system for space vehicle application.
The broad objectives of this program phase were to design, develop, and test sub-
system components and complete systems that would establish engineering criteria and
preliminary designs leading to an operational fuel cell power system.
SYSTEM DESIGN REQUIREMENTS
The fuel cell system developed during this phase of the program was not directed
toward a specific space mission or space vehicle. The performance guidelines set
forth by NASA for this program were intended to typify general fuel cell power sys-
tem requirements for space applications to guide the Allis-Chalmers fuel cell system
design and development.
The performance guidelines are summarized in Table 1.
TABLE 1. 1964 - 1966 PERFORMANCE GUIDELINES
Nominal Power Rating
Overload
Voltage Regulation
Minimum Voltage (Overload)
Transient Load Stabilization
FCM Operating Temperature
2000 watts
3300 watts for 30 seconds
29 f2 volts - load range 800 to
2000 watts
21 volts
90% of steady state voltage in
100 milliseconds
Shall be within the range of 80°C
to 110°C
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Coolant Supply
Coolant Pressure Drop (max)
Environment (design criteria only)
Temperature
A ltitude
Vibration
Sinusoidal Sweep
Sinusoidal Dwell
Random
Shock
Acceleration
Acoustic Noise
Duration for Warmup and
FCA startup
TABLE 1. 1964 - 1966 PERFORMANCE GUIDELINES (Continued)
Hydrogen - 0.22 pounds per hour
Oxygen - 1. 7 pounds per hour
100 - 400 psia
-18°C to 66°C
0.999
55%
720 hours under load
60% Methyl alcohol, 40% water by
weight, plus corrosion inhibitors
250 pounds per hour at 15 f3°C
5.0 psi
+85°C to -8500
10-6 mm Hg press-are
5 - 26 cps at 0.2 inch DA displacement
26 - 2000 cps at 10.0 g peak
5 - 26 cps at 0.1 inch DA displacement
26 - 2000 cps at 5.0 g peak
5 - 50 cps at 0.0086 to 0.0 86 g2/cps
50 - 550 cps constant at 0.086 g2/cps
550 - 2000 cps linear decrease
from 0.086 to 0.05 g2/cps
30 g (3 orthogonal axes)
20 g (any plane)
160 db for 30 minutes
1. 0 hours from -18 °C to normal
start temperature with ambient
temperature of -18°C
Maximum Reactant Consumption
(including purge) at 2000 watt
load
Reactant Inlet Pressure
Reactant Inlet Temperature
Reactant Purity (expected)
Thermal Efficiency (minimum)
Endurance
Coolant
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TABLE 1. 1964 - 1966 PERFORMANCE GUIDELINES (Continued)
Design pressure for hardware and assemblies to be pressurized including the
fuel cell canister:
Proof	 1. 3 times maximum operating
pressure of the subject device or
100 psia whichever is greater.
Burst	 2 times maximum operating pres-
sure or 150 psia whichever is
greater.
External Leakage - The system leakage rate with the fuel cell assembly sub-
jected to its respective proof pressure levels will not exceed
Oxygen	 5 cc/hour
Hydrogen 25 cc/hour
PROGRAM DESCRIPTION
The overall program logic diagram is shown in Figure 3.
Highlights of the program include:
• Preparation of interface and design specifications
• Design and fabrication of eight complete engineering evaluation systems
• Establish component vendors and conduct component testing
• Subsystem verification and testing
• Test eight complete engineering evaluation systems.
The disposition of the various systems is shown in Table 2.
SYSTEM DESCRIPTION
The Engineering evaluation Fuel Cell Power System consists of the following func-
tionally interrelated subsystems:
• Fuel Cell Stack (FCS)
• Reactant Control and Conditioning Subsystem (ROCS)
• Thermal Control and Conditioning Subsystem (TCCS)
-10-
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Figure 3. Summary Program Logic
Diagram 1964-1966
• Moisture Removal Subsystem (MRS)
• Water Recovery Subsystem (WRS)
• Electrical Monitoring and Control Subsystem (EMCS)
A block diagram of the fuel cell system is shown in Figure 4.
SUBSYSTEM DESCRIPTION
Fuel Cell Stack (FCS)
The stack shown in Figure 5 consists of 33 two-cell sections. The cells in a sec-
tion are connected) in parallel and the sections are connected in series to provide a
nominal 29 volts, do at the output terminals. Each cell has an effective electrochemical
reaction area of 0.2 square foot.
TABLE 2. DISPOSITION FUEL CELL SYSTEMS
9
I
System
Number Type
Testing Program
Allis-Chalmers NASA
1 Open Loop Component and Subsystem
Evaluation
2 Closed Loop Acceptance, Performance
and Endurance
3 Open Loop Acceptance Performance Evaluation
at MSFC
4 Closed Loop Acceptance, Performance
and Endurance
5 Open Loop Acceptance, Performance Engineering Evaluation
and Endurance
6 Closed Loop Acceptance System Performance
Endurance at NBC
7 Open Loop Acceptance, Performance
and Endurance
8 Open Loop Acceptance Performance Environ-
mental testing at DISFC
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Figure 4. Fuel Cell Power System Block Diagram Engineering
Development System 1964-1966
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IFigure 5. Fuel Cell Stack 1964-1966
React alt Control and Conditioning Subsystem (RCCS)
The RCCS provides the stack with the reactant gases at a controlled pressure. and
provides the means of purging the cells of accumulated inert gas contaminants which
build up during operation. The RCCS is shown mounted on the canister in Figure 6.
Tilo r -nal Conditioning and Control Subsystem (TCCS)
The TCCS removes the heat produced at the electrodes which is conducted by the
support plates to the stack cooling fins, which are the edges of the support plates ex-
tending beyond the surface of the stack. Two motor-driven fans continuousl y circulate
l ichum gas over the cooling fins and through a gas-to-liquid heat exchanger to remove
-15-
I
Figure 6. Fuel Cell Assembly without EMCS and WRS 1964-1966
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Figure 7. Gas Coolant Flow Diagram 1964-1966
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rFigure 8. Thermal Control and Conditioning Subsystem 1964-1966
the heat from the canister. Figure 7 shows the flow pattern of the helium gas, and
Figure 8 shows the fans and heat exchanger mounted in the canister dome.
The stack temperature is maintained by controlling the flow of liquid coolant
through the he,.t exchanger. The temperature of the stack is sensed by a thermistor
imbedded in the stack, which provides a signal to the electronic control circuitry which
operates tho liquid coolant valve. During the periods when the liquid coolant valve is
closed, the coolant bypasses the heat exchanger through the coolant bypass valve.
During startup, the warmup heaters and the fan motors are energized and the liquid
coolant valve is closed. Heat is transferred from the heaters to the stack by way of the
circulatiiig helium gas. The heaters are-deenergized when the stack temperature
reaches 185 , r. A section of the heater is used to maintain the stack at operating
temperature during low load or standby conditions.
Moisture Removal Subsystem (MRS)
The MRS removes the water vapor from the cells by controlling the pressure in the
water removal cavity.
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Water Recovery Subsystem (WRS)
The water vapor removed by the MRS is condensed, recovered, accumulated and
transferred to a storage interface as potable water by the WRS. Figure 9 shows a
breadboard model of the subsystem. The WRS consists of a condenser assembly, a
deionizer, and a diaphragm pump along with its associated valves, regulators and
monitoring devices.
Before entering the condenser, the water vapor passes through a three-way valve,
where it can bypass the condenser and be vented dire:;tly to s pace vacuum without any
adverse effect on fuel cell performance.
A section of the condenser is shown in exploded view in Figure 10. The section
consists of a steam plate and two water coolant plates, separated by asbestos matrices
and porous support plaques. The condenser assembly consists of two such cell sec-
tions. The water enters the condenser cell at the steam plate. Liquid coolant is
circulated on the outside surface of the water coolant plates, establishing by conduc-
tion, a condensing surface at the innermost support plaque. The condensed vapor is
forced through the asbestos matrix by the pressure differential established across the
cell, and thus, operation under zero gravity conditions is ensured. The capillary
action of the asbestos matrix will allow only water to pass, thus the liquid water is
separated from any noncondensible gases and water vapor. Water is removed from
the cel;. at the inside surface of the water coolant plates.
The condensed water passes through a deionizer where it is neutralized by re-
moving any small amount of ionic impurities such as K+ and OH - which may be carried
over. The resin capacity of the deionizer is adequate to remove all KOH carryover
for the entire life of the fuel cell system, thus ensuring reliable potable water pro-
duction.
The diaphragm pump is used to accumulate the water and to maintain a lower pres-
sure on the water side of the condenser to affect water transport through the condenser
cells.
Electrical Monitoring and Control Subsystem (EMCS)
This subsystem provides the controls for operating the fuel cell. It consists of a
Temperature Controller, Purge Controller, Water Cavity Controller, and Power
Suppler. The various circuits are constructed on a number of printed circuit boards,
all mounted ?n a single package. Figure 11 shows a test model of the EMCS.
The basic functions of the EMCS can be divided into the following categories:
• Start, stop, load on/off and interlock controls,
• Automatic operational controls,
• Safety and protective controls,
• Readout signals, and
• Manual override controls.
-19-
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Figure 9. Breadboard Model Water Recovery Subsystem 1964-1966
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Figure 11. Test Model EAICS 1964-1966
-21-
SUMMARY OF ENGINEERING EVALUATION SYSTEM TESTS
A photograph of a typical Engineering evaluation system under test is shown in
Figure 12.
The performance of System 2 over a time period of 839 hours is shown in Figure
13. This system performance was typical of these engineering test models using lov,
catalyst loading anodes. The performance objective of 720 hours was met.
The eight systems tested are presented in chronological order of testing.
System No. 5
This open loop system (no water recovery) was the first unit in this series to be
built and operated as an integrated system capable of self-sustained operation.
The system was operated for a total of 315 hours.
The first test of a complete fuel cell power system was considered highly suc-
cessful. It demonstrated the feasibility of completely automatic operation of a fuel
cell system, established fuel cell operating parameters, and demonstrated the overall
integrity of the design.
This system was rebuilt later in the program incorporating improved technology,
such as 50-mil water removal matrices, and shipped to NASA-MSFC for further eval-
uation by NASA.
System No. 2
System 2 was a closed loop system and incorporated the first design model water
recovery subsystem. Tests were performed in both modes, open and closed loop.
The primary objective of testing this system was to accomplish the operation of all
subsystems as a complete integrated system; to determine satisfactory normal opera-
tion and control- settings for purge, moisture removal, etc; to identify possible problem
areas, or areas which may require additional investigation; and to establish necessary
procedures for system operation.
The system accumulated 920 hours of operating time under load (exceeding mis-
sion goal of 720 hours).
System No. 3
This open loop fuel cell system was acceptance tested and shipped to MSFC for
NASA evaluation. Two hundred hours of testing was accomplished at Allis-Chalmers
before shipment.
System No. 4
This closed loop system incorporated several design improvements in the water
removal portion of the stack.
-22-
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Figure 13. Performance Characteristics for Fuel Cell System (Test Model) No. 2
• The thickness of the asbestos water removal matrix was increased from 30 to
50 mils.
• The water removal matrix support plaque adjacent to the hydrogen reactant
cavity was changed from a porous sintered nickel plaque to a porous fiber
powder-nickel plaque.
• The amount of KOH used in the cell and water removal matrix was increased.
The increased thickness of the. water removal matrix eliminated leakage
problems and the system operated 1589 hours (significantly exceeding the test life goal
of 1000 hours) .
System No. 8
This open loop system was fabricated with 30-mil cell matrices and 50-mil water
cavity matrices and shipped to NASA-MSFC upon completion of its acceptance tests.
The system was performance tested for approximately 100 hours to ensure proper
operation as a complete system before delivery to MSFC. A total of 369 he ;rs were
accumulated on this system.
e>l
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System No. 1
The stack for System 1, which wss identical to System 4, was constructed with a
30-mil cell matrix and 50-mil water removal matrix. The various subsystems of this
system were scheduled for individu it environmental testing and were not assembled as
a system.
>ystex:: No. 6
This closed-loop system, constructed with 30-mil cel: matrices and 50-mil water
removal matrices, was acceptance tested and shipped to NASA-MSC. Over 1190 hours
of evaluation testing was subsequently performed by NASA-MSC, exceeding both the
mission goal of 720 hours and the life goal of 1000 hours.
Evaluation testing at MSC included 80 hours of thermal-vacuum environmental
testing at 2.4 x 10- 6 Torr and 30°F. shroud temperature. The significant achievements
during the thermal vacuum test were:
• Startup in the thermal vacuum environment to an operating* te- -)erature of
193'F. . in one hour.
• Successfully completed a minimum self-sustaining power run at zero net
power with a parasitic power of 70 watts while maintaining operating tempera-
ture.
• Successfully completed a high power run at 80 amperes for 10 continuous
hours. The total output voltage wab maintained above 28 volts.
System No. 7
This open loop system, the last in this series, was endurance tested for 1882 hours
to further establish system performance parameters and life characteristics.
Subsystem Development Effort
An extensive test program was conducted on each subsystem durir- - Ls develop-
ment phase to verify the integrity of its design. Each subsystem was individually
acceptance tested before being assembled into a fuel cell system, and a further test
program was conducted during the overall system acceptance test, snd the follow-on
system testing. This test program provided a sufficient confidence level for the per-
formance-life goals required for each subsystem.
In addition, the reactant control and conditioning subsystem, and basic portions of
the thermal control liquid coolant loop and the water recovery subsystem were evaluated
under the specified conditions of environmental motion and thermal-vacuum.
Component Development Effort
All components controlled by Allis-Chalmers design specifications, with the ex-
ception of the Moisture Removal Valve, met or exceeded design performance goals.
The required performance and life characteristics specified by Allis-Chalmers for
major components were , rifted through testing by both the vendor and Allis-Chalmers.
-25-
Because of the experimental nature of the water recovery assembly during its
development stage, it was decided to use commercial grade hardware until all the
specifications for the subsystem were established. The hardware obtained in this
manner, although questionable for the levels of environmental testing specified, met
or exceeded the initial design performance goals.
SUMMARY - Hi%:NLIGH TS OF ENGINE_ ERING DESIGN, DEVELOPMENT, AND
TEST PROGRAMS
• Engineering criteria were established for Prototype de 	 development
and test of flight configuration design
• A completely integrated, self sustaining hydrogen-oxygen Capillary Matrix
fuel cell system was developed, built, and successfully tested
• This developed system exhibited satisfactory performance and exceeded the
mission life goal of 720 hours of operation.
• System growth potential in excess of 1800 hours was demonstrated.
0 A water recovery subsystem to process the fuel cell by-product water was
de, igned, evaluated, and proven to be compatible with the basic fuel cell
system design.
• Automatic-manual fuel cell system control was developed.
• An experimental model of the fuel cell stack successfully passed the motion
tests at NASA-MSFC.
• A total of 6,565 test hours were accumulated on these 2 kv fuel cells.
Prototype Flight Configuration Design, Development,
and Test (1966)
Early in 1966 the development of the 2 kw fuel cell program was reoriented to the
Apollo Applications Program, CSM application.
The broad objectives for mission life were increased from 720 hours to 1500 hours
and the service life was increased from 1500 to 2500 hours.
PROGRAM DESCFSPTION
The program during this phase is shown in Figure 14.
Highlights of the Program include:
• Design integration of the support subsystems from the individual packages
of the previous phase into a prototype flight configuration
! Conduct subsystem performance and life tests.
-A
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Figure 14. 2 kw Prototype Flight System Program Summary 1966
• Refurbish System 1 from previous program Phase H with high catalyst
loaded anodes and cathodes and compare performance to low catalyst loaded
systems from the previous program phase.
• Refurbish System 2 from previous program using the 20-mil fuel cell asbestos
matrix, and compare performance with previous systems using 30-mil
asbestos.
• Design, fabricate and test three new prototype flight configured systems:
Systems 9, 10 and 11.
Deliver System 11 to NASA-1V-'SC for testing.
PROTOTYPE SYSTEM CONFIGURATION
The package configuration of the prototype systems is shown in Figure 15.
SUMMARY OF SYSTEM TEST RESULTS
System 1R
Operated for a total of ;726 hours. The performance comparison at 700 hours of
this first high catalyst load electrode system to System 4, a low catalyst loaded
-27-
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electrode system, Figure 16, shows the substantial improvement in fuel cell capacity
and performance.
The requirement for electrode conditioning using vacuum electrolyte loading
techniques were identified for the first 'ime.
System 2R
This system operated for a total of 720 hours.
System 2 (built and tested under a previous contract) was rebuilt with sintered
nickel anodes loaded with 40/40 mg/in2 of platinum and palladium, sintered nickel
plaques supporting the water matrix, and 20-mil cell matrices.
Evaluation testing of System 2R was discontinued after 720 hours of stack operation
due to a cross-leak between the reactant cavities. The stack was disassembled and
all materials visually inspected. These results indicated that 20-mil thick cell matrices
are too fragile for reliable operation.
System 9
This system, built with high catalyst loaded electrodes, was performance tested at
Allis-Chalmers. A total of 1675 hours were accumulated. The system achieved the
mission life goal of 1500 hours.
The need for purge restrictors to improve uniformity of cell performance and the
requirement for electrode conditioning were identified.
System 10
System 10, built with high catalyst loaded electrodes, was used for engineering
evaluation testing. The main area of evaluation concerned thermal performance of a
new configuration gas/liquid heat exchanger integral with the canister. A total of 860
test hours were logged.
The need to isolate electrolyte film paths in the stack was identified. A short
circuit within the stack was experienced due to the stack potential existing between an
adjacent positive cell plate in the stack and the canister end plate. A film or liquid
KOH path formed causing a short circuit through the film. Resolution of this problem
resulted in a redesign of the fuel cell stack which isolated all possible KOH paths and
reduced the potential across the cell plate and canister end plate to zero.
System 11
This system, which also incorporates high catalyst loaded electrodes, was per-
`,)rmance tested at NASA. A total of 1705 hours operating time was logged on the
system, including operation at Allis-Chalmers.
The need for purge restrictors was identified on this system and aftervo 600 hours
of testing at NASA the system was retrofitted with oxygen purge restrictors.
-29-
The non-uniform cell performance exhibited prior to the installation of the re-
strictors was eliminated. A total operating time of 1610 hours were logged at MSC.
A total of 8186 2 kw level test hours were logged during this period.
SUMMARY - HIGHLIGHTS OF PROTOTYPE FLIGHT CONFIGURATION DESIGN,
DEVELOPMENT, AND TEST
• High loaded catalyst electrodes were incorporated into the design resulting
in significant improvement in capacity.
• 1500 hour mission life was demonstrated
• Problems associated with the use of highly teflonated electrodes were defined
• The integrated flight configuration system operation was demonstrated
• Non-uniform cell purging was identified and eliminated.
Design Verification Test Program
To provide continuity of the 2 kw fuel call module developn.tnt, NASA authorized a
Design Verification Test (DVT) program which was concluded in late 1967. Based on
	 -
successful results of this program, effort is now proceeding toward qualification to
1500 hours for manned space flight. Qualification is currently underway and will be
concluded in early 1970.
OVERALL OBJECTIVES
The broad objectives of the NASA DVT program were:
• Design toward 1500 hour flight capability
• Packaging for mission environments
• Design verification testing.
Specific objectives achieved during the DVT program were:
• Design of total flight configuration was accomplished.
• 1500 as well as 2500 hour objectives were exceeded.
• Complete automatic operation of the module was provided along with manual
override.
• A quality assurance system was developed which met and surpassed contract
requirements.
• Fuel cell components underwent a stringent series of design verification tests.
-30-
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• Two DVT modules - ire assembled and readied for design verification testing.
• Four DVT modules were partially assembled for delivery to NASA; these
were redirected to be used for qualification.
DVT PROGRAM TEST RESULTS
Engineering Fuel Cell
Under the DVT program, an engineering fuel cell was tested for 3000 hours. The
unit demonstrated completely satisfactory performance, within specification limits,
for 2880 hours. This exceeded both the 1500 and 2500 hour objectives of this program.
Figure 17 shows the performance objectives established early in the program. The
performance envelope, signified by the dashed box and limits of 32.5 to 27.0 vdc over a
power range of 440 to 2100 watts, are NASA specifications. The performance curves
for initial, 1500 and 2500 hours were Allis-Chalmers objectives based on a 30 )Av/hour/
cell section degradation rate. Figure 18 shows the actual performance achieved by
Engineering Development Stack No. 1. The voltage degradation rate exhibited by this
fuel cell was 17 µv/hour/cell section for 3000 hours.
Component Tests
The objectives established for the component test program were:
• An aggressive component test program was to be undertaken.
• Performance characteristics were to be evaluated for all components.
• Components were to be subjected to environmental stresses considered most
critical.
• Endurance evaluations were to be conducted to 2500 hour actual or equivalent
fixel cell life.
Table 3 shows the components which were tested and the types; of tests performed.
Table 4 again shows the components tested, but provides insight to the number of
components tested and the actual or equivalent fuel cell hours of testing. During this
test program, no major design problems were identified. Solutions to minor problems
are underway.
Table 5 shows the testing which has been performed to date on each of the two
modules and Table 6 shows the test results. Tests that are yet to be performed
include:
• Cold Storage at -65 F (non-operating).
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TABLE 3. DVT COMPONENT TESTS
Component Perf Vib Accel Vac ThermalVac
Temp
Hi-Lo Hum EMI
Fans X X X X X X
Coolant Pump X X X X X X
Accumulator X X X X X Y X
Coolant Valve X X X X X X
Heaters X X X X X X
Reactant Regulator X X X X X X
Pressure Switch (RCCS) X X X X X X
Purge Valves X X X X X X X
Condenser Deionizer X X X X X
Water Pump X X X X X
Bypass Valve X X X X X X X
Pump Valve X X X X X X
Gas Regulator Valve X X X X X X
Vacuum Regulators X X X X X
Pressure Switch (MCS) X X X X X X X
Check Valves X X X X X X
EMCA X X X X X X X
Inverter X X X X X.. X X
Transducers X X X X X X. X
Signal Conditioning X X X( X X X
Moisture Removal Valve X X X X X X X
Small Stacks X
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TABLE 4. DVT COMPONENT LIFE TEST DATA
Component
DVT
Items
Tested
DVT
Test
Hours
Previous
Contract
Test Hours
Totals
Fans 25 91,500 62,500 154,000
Coolant Pump 6 17,300 4, 000A 21,30-1
Accumulator 5 8,200 8,200
Coolant Valve 5 5,000 15, 000♦ 20,000
Heaters 12 5,000 25,000 30,000
Reactant Regulator 8 2,700 2,700
Pressure Switch (RCCS) 24 31,60J 25,000 56,600
Purge MRV Valves 19 36,600 25, 000A 61,600
Condenser Deionizer 6 4,100 8, 500A 12,600
Water Pump 7 4,100 9, 500A 13,600
By Pass Valve 8 4,100 5, 000A 9,100
Pump Valve 8 4,200 C', 600A 10,700
Gas Regulator Valve 7 2,200 I 2,200
Vacuum Regulators 17 11,800 28, 000A 39,800
Pressure Switch (MCS) 10 4,300 5,000 9,300
Check Valves 18 8,000 10,000 18,300
EMCA 7 5,600 18, 000A 23,600
Inverter 7 5, 6G0 5,600
Transducers 34 54,500 100,000 154,500
Signal Conditioning 4 5,300 5,300
Moisture Removal Valve 6 21,200 5, 000A 26,200
Small Stacks 44* 89,000 58,000 147,000
A Similar to DVT Design
*32 from MSFC Contracts
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TABLE 5. TESTING PERFORMED TO DATE
3
1'
Tests Module SIN 15 Module SIN 16
•	 Overall
-	 Acceptance X X
-	 100 Hour Base Line X X
-	 Vacuum X
-	 Thermal Vacuum X
-	 Ground Vibration X
-	 Launch Vibration X
-	 Flight Vibration X
•	 Specific
-	 Electrical Performance X X
-	 Automatic Control X X
-	 Parasitic Power X X
-	 Minimum Sustaining Load X
-	 Canister Helium Leakage X X
-	 Canister Reactant Buildup X X
-	 Multiple Startup/Shutdown X X
-Heat Loss	 I X
-	 Thermal Loop Performance X X
-	 Manual Control X X
-	 Water Recovery X X
• Thermal-Vacuum from -125° to +225 °F.
• Bootstrap Startups
• Transient Evaluation
• -50 °F. Space Startup
• Design Improvement Evaluation
-35-
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TABLE 6. TEST RESULTS
Module Results
- Acceptance tests successful
-	 Module ability to function as integral ur.'.t successful
- Base line performance comparable to EDS 1
- Over 800 hours vacuum testing (10- 6 Torr) completed
- Thermal vacuum from +32°C to +200°F completed
- Vibration Tests Excellent - over 400 minutes conducted (90% at or
above flight levels)
- 14 startups/shutdowns demonstrated on Module 15 during 650 hours
operation - 15 startups during 970 hours on Module 16
- Module control by automatic mode demonstrated; manual control
also demonstrated
- Minimum sustaining load established; approximately 100 watts
(32 cF vacuum)
SUMMARY - HIGHLIGHTS OF DVT PROGRAM
The DVT Program was initiated in October 1966 and major activities were con-
cluded by December of 1967. During this effort, the following accomplishments were
achieved.
Flight Configuration
A final packaging arrangement was achieved, including the addition of new com-
ponents, which provide a complete flight configuration. This design incorporates a
multimission capability since it includes all components needed for control, operation
and instrumentation. It needs only reactants and a coolant supply for heat removal. All
other operational components are integral to the design and these are optional and
easily removed, depending on interface and mission requirements. Figure 19 shows
the DVT module configuration. Table 7 lists the more significant design features of
the module.
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TABLE 7. DVT FUEL CELI. MODULE
•	 Performance
Nominal Rating 2000w
Voltage 27 to 32.5v
Operating Temperature 190°F
Demonstrated Life 3000 hrs
Minimum Sustaining Power 100w
Parasitic Power i 08w*
Transient Response 0 to 2000w, 100 ms
Sustained Overload 3000w
Momentary Overload 5000w
•	 Operational
Control Modes Auto-Manual
Water Production Recover or Vent
Startups/Shutdowns Unlimited
Inverter Optional
Ground Startup Heaters
Space Startup Bootstrap
Water Delivery Simple Pumping
Water Purity Potable; pH 6-8
• Configuration
Size	 16 x 21 x 32 in.
Weight to Power Ratio
	 100 lbs/kw
Installation	 Any Plano
Cell Sections	 32; Optional
*67 watts without inverter
-38-
... 
,^ 	
..1	
..'	 • is	 :1,3`15='	 'g ^',^'%':^	 —	 ^ ' —_	 F .-t`"'
Life Capability
An objective of this program was to demonstrate a 1500 hour life capability with
continued development toward 2500 hours. An engineering fuel cell was tested, using
a mission load profile, for 3000 hours. This unit not only exceeded the 1500 hour
objective but demonstrated in-tolerance performance for almost 2900 hours.
Automatic Operation
A salient design feature of this module is that control is completely automatic.
Auxiliary 28 vdc and a startup command are the only external signals required.
Module warmup, application to the bus, purging, heat control and water removal and
pumping to storage are completely automatic. This feature has been designed to min-
imize astronaut management during a mission. It also provides for complete flexibility
during an unmanned mission where initial activation can be accomplished -remotely
f hiowcu' L;- self-contained automatic operation. To provide for additional reliability,
each of the automatic controllers can be overriden and operation maintained by manual
switching.
Design Improvements
The DVT module incorporates many demonstrated design improvements as part of
the multi-mission feature. Several of the more significant features are described here.
• Stack
— Oxygen inlet purge restrictors — added to ensure uniform purging of
each cell section.
— Stack compression device — added to ensure positive sealing of
individual cell sections; also assists in maintaining the electrolyte to
electrode interface.
— KOH vacuum loading — ensure-, accurate control of the amount of KOH
admitted to each cell, promoting cell to cell output uniformity.
KOH anti—corrosion Alm breakers — added to ensure protection against
corrosion of outlet oxygen manifolds due to electrolytic action and
accelerated by oxygen presence.
— Cell volume increases — allows greater volumes of KOH at initial
fading; assuring longer life.
• Electrical
•— Automatic controller — developed for automatic/manual control of the
module and requiring less than 5 watts pa= 3itie power.
— Multimission inverter — provides 3, 3—phase 400Hz, 115v power for
the module fans and coolant pump; is an optional item when this power
is available from the vehicle.
-39-
0 Reactant
Dual channel reactant regulator - provides pressure reduction of
reactant gases from over 1000 psia to 37 psia and regulates from 5 to
500 amperes equivalent gas flow rates; ensures automatic tracking for
changes in either gas pressure and maintains t2 psia on the nominal
output.
Thermal
Coolant pump and accumulator - added to provide means for circulating
liquid coolant for heat removal to the vehicle radiator; accumulator
compensates for coolant contraction and expansion with temperature.
Cooling fans - two provided; only one is -- ecessary for operation to 2
kw loads and other is backup. New fans only require 18 watts parasitic
opposed to 28 watt type previously used.
0 Moisture Conditioning
-- Condenser - drastically reduced size and flight packaging configuration;
includes a deionizer ensuring complete potanility of recovered water.
Water transfer - simple gas driven pump to transfer water to storage
leaks; uses reactant oxygen and consumes less than 1/2% of total
required for mission.
Quality Assurance System
A quality assurance system was developed and implemented which meets NASA's
NPC 200-3. In its broadest sense, this system encompasses not only quality control
type operations but also includes production, material control, processing and portions
of configuration control. Audits undertaken by NASA indicate that these systems have
advanced to the point that they were in major compliance to NASA's NPC 200-2, a more
stringent requirement, but one necessary during a qualification effort.
Summary of Z KW Fuel Cell Technology Improvement
and Total Test Hours
Figure 20 shows how fuel cell system performance improved from 1965 to 1968.
The reduction in fuel cell degradation rate in microvolts per hour per cell section is
related to the calendar year the test started and to thi improvements incorporated into
the fuel cell.
As can be seen, as problems were identified and solved, variations in fuel cell
performance and the degradation rates became less. The present state-of-art is
below 24 microvolts per hour per cell — ration.
Table 8 summarizes 2 kw module and stack total test hours. The table also in-
dicates the modules and stacks into which the various design improvements were
incorporated.
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TABLE 8. TEST SUMMARY FOR NOMINAL 2 KW
H 2O 2 FUEL CELL STACKS AND SYSTEMS
Stern. Module
a
Whe'
Tested Trye of Testing
Total
Ho`efere 50-milH2O
Demoestrated impro►emente in
Technology and Design Stack
Comp,
Demonstrated
Life of RemarksHigh Anode Dry Stank KOHDesignations Operation Matru Perf. Pro- Flush Pgeur
I. Electrode Devices 1500 hre
Anodes Coed, Loaded Restrict Breakers Shields
NASA PROGRAM
Broodb-rd No, 1 196: Eng ' g Eva:. 404 No No No No No No No No
NASA -MSC Breadboard 1964 Eng'g Eval. 1010 No No No No No No No No
Breadboard No. 2 1954 Eng'g Ewl. 1870 No No No No No No No V. Yes
System No. 5 1965 Perf, and Life 315 No No No No No No No
System No. 2 1965 Pert. and Lfr 920 No No No No No No No No
System No. 3 1965 Perf. and Life - 200 No No No No No No No No
System No, 4 1965 Perf. and Life 1589 Yes No No Nc No No No No Yes
System No, R 1-65 Perf, and Life 969 Yes No No No No No No No
System No. I 1965 Components Ea1. 100 Yes No No No No No No Nr
System No. 6 1965 Pe. a	 Lifeerf. nd = 1190 Yes No No No No No No N"
ISystem No. 7 1965/6 Perf. and Life 1882 Yee No No No No No No No Yes
2 ':N' Lkhd 6 Navv 1965/ 6 Perf, x 1300 No t	 No No No No No No No
Breadboard No. 4 1965 Thermal Control Dev. 1500 Yes N^ No No No No No No Yee
System No. 2R 1966 Perf, and Life 720 Yea t	 Yes No No No No No No
System No. 1R 1966 Pert, and Life 1726 Yea Yes Yes No No No No No Yes
System No. 9 1966 Perf. and Life 1675 Yes
Yen No No No No No Yes
system No, 10 1966 Perf. and Life 8N0 Yes Yes Yes No Yes No No Yes
System No. 11 1966 Perf. and Life 1705 Yea Yes Yes No No No No Yes Yee
Stack No, 133 1966 Los, Poser Life 15..6 Yes Yes Yee No No No No Yes Yes -
Stack No, 134 1966 .:tangy 1535 Yes I	 Yes Yes No No No No Yes Yes
Stack No. 132 1967 Reactant Pressures 775 Yes Yee Yes No No No No Yea
Stack No. 131 1967
(
Load Failure 641 Yes Yes Yen No No No Yes
Stack No, 135 1967 Load Cycle 575 Yee Yn Yes No No No No Yes
Stack No. 137 1967 Therwl Cycle 1569 Yea Yes Yes Yes Yee Yes Yea Yn Yes
Stack No. 130 1967 High Porn Life 1500 Yes Yes Yee Yes
Yea Yes Yee Yes Yen
Stack No. 136 1967 Las- Pos— Life 1290
Yea Yes Yn Yes Yea Yes Yes Yes
EDS No. 1 1967 Perf. and Life 3000 Yes Yes Yes Yea Yes ^n Yn Yes Yea
Stack No, 196 1968 Perf. 5o Yea Yes Yes Yes Yee Yes Yes Yes Testing is progress
Stack 197 1968 1000 Yes Yea Yes Yes Yes Yes Yn Yes Tenting In progress
Stack 196 1968 Soo Yen Yes Yes Yes Yes Yes Yes Tenting in progress
DVT Syst i5 1967/8 Soo Yes Yes Yes Yes Yea Yes Yes Yes Tenting in progress
DVT Syst 16 1%7/8 650 Yes Yee Yes Yes Yes Yes Yea Yes Testing In program
DVT Synt 17 1968 100 Yee Tea Tn Yes Yes Yee
Yea Yes Testing in progress
Qml Syu is 1909 Yes Yen Yee Yes Yee Yes Yes Yes To be tented
Qml Syst 19 1969 Yee Tn Yes Yes Yes Yes Yes Yes To be tested
Quel"20 19® Yes Ym Yes Yee Yea Ym Yea Yes To be tested
Quiet Syst 21 1989 Yes Yen Yes Yes Yes Yee Yes Yes To be trued
TOTAL 9/1969 35.428
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FUEL CELL MODULE DESCRIPTION
The 2 kw fuel cell module design advanced under Contracts NAS8-5834 and
NAS9-6737 incorporates Static Vapor Pressure Control (SVPC), a method for electrolyte
management, which is an Allis-Chalmers innovation. Full-size, nominal 28-volt fuel
cell stacks employing SVPC have operated for more than 45,000 hours.
Each module consists of a fuel cell stack, in which the electrochemical reaction
occurs, and several subsystems which manage the reactants and remove the water and
heat byproducts of reaction. A functional block diagram of these subsystems is shown
in Figure 21. The following paragraphs describe a module of 1967 DVT configuration
shown in Figure 22. Figure 23 is a schematic of this DVT module
CONSISTS OF:
MANUAL
OFERATION
REACTANT CONTROL
-RCCS-
AUTOM.ATIC
ELECTRICAL
CONTROL
-[MCA-
STACK	 THERMAL CONTROL
SUBSYSTEM	 -TCCS-
INVERTERS
READOUTS	 i	 MOISTURE CONDITIONING.
I	 -MCS-
HARDWARE
FUNCTION
Figure 21. Functional Block Diagram of Fuel Cell Module
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Figure 23. Schematic of DVT Module
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The fuel cell stack illustrated in Figure 24, If the power-pro r.lucing element of the
module. It converts chemical energy of the gaseous hydrogen and oxygen reactants into
electrical energy, with heat and water as the byproducts. It contains 32 sections elec-
trically connected in series, and each section contains two cells connected in parallel.
A fully assembled stack of DVT 1967 configuration, illustrated in Figure 24 con-
sists of the fuel cells, end plates, tie bolts, and helium gas cooling components. This
unit is built by stacking the components shown in Figure 25 using appropriate tooling.
Each section shares a water cell plate with adjacent sections. This type of construction
makes the most efficient use of each component and results in reduced stack length and
weight.
The tie bolts are equipped with Belleville washer assemblies which maintain proper
compression of all gaskets and cells throughout the life of the unit. Helium fans and
ducts, as well as :,aloes and other components, are assembled to the end plates and sides
of the unit. After assembly, KOH solution is loaded into the cells and water transport
assemblies by a vacuum flush loading technique.
FUEL CELL CONSTRUCTION
The construction of a typical cell is illustrated in Figure 25. The cell consists of
two porous metal electrodes separated by an asbestos capillary matrix which holds
aqueous potassium hydroxide electrolyte. The hydrogen electrode (anode) is a Teflon-
bonded platinum catalyst structure. The oxygen electrode (cathode) is a porous silver
catalyst structure. The electrolyte matrix is fuel cell grade asbestos.
Reactants are manifolded and distributed over the surfaces of the electrodes by
means of metal plates. The plates also serve to support the cell, act as current col-
lectors, and conduct waste heat from the cell. The plates are made of magnesium alloy
protected against chemical and galvanic - rosion by nickel and gold plating. Fluids are
sealed against external and internal leaks s by asbestos seal frames and elastomer
gaskets. A spacer of rigid dielectric material is used around the periphery of each cell.
The asbestos cell matrix uniformly separates the electrodes and retains the electro-
lyte by strong capillary action regardless of the forces of gravity, shock, vibration,
and acceleration encountered in space vehicles. The matrix-retained electrolyte also
provides the necessary barrier against mixing of reactants. The 30-mil matrix can
withstand differential reactant pressures in excess of operating pressure without blow-
through.
The matrix consists primarily of inert mineral fibers and retains its characteristics
throughout the life of the cell during both storage and operating conditions. It is not
degraded by repeated thermal cycling.
STATIC MOISTURE REMOVAL
Water removal is accomplished through a second KOH filled asbestos capillary
matrix directly in contact with the hydrogen gas cavity of eF:ch cell (Figure 25).
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Figure 26. Static Vapor Pressure Control of Electrolyte
The Static Moisture Removr;'_
 method consists of controlling the pressure within the
water vapor plate as shown in Figure 26. The vapor pressure of ..he KOH solution in the
water transport matrix is P. function of concentration and temperature. Control of the
water cavity pressure therefore provides control of KOH con( entration.
The absolute pressure in the cavity maintains the KOH concentration in the water
transport matrix at a slightly 1 igher value than the concentration in the cell. This re-
sults in a water vapor pressure gradient from the cell, through the water transport
matrix to the water removal cavity, which provides the driving force for water trans-
port and removal from the cell.
The vapor pressure characteristics of KOH are a function of operating temperature.
Optimum performance will be obt-tined by compensating the water removal control to
maintain optimum concentration regardless of variations in temperature. This is ac-
-49-
Q_
complished by adding temperature compensation features to the controller. A tran-
sistor is attached to the fuel cell stack such that its temperature is equal to the stack
operating temperature. The temperature-emitter current characteristic of this tran-
sistor closely matches the vapor pressure-temperature characteristics of KOH solutions
in the range of concentrations and temperatures of practical operation. This emitter
current signal is employed in the controller to modulate the operation of the moisture
removal valve. The net result is that the water removal cavity pressure is maintained
at a value corresponding to the vapor pressure of KOH at the desired concentration over
the operating temperature range of the cell.
The Static Moisture Removal system operates independently of gravity and other
farces encountered in space vehicles.
SERIES-F."_RAZ^LEL CONNECTIONS
Each fuel cell stack is constructed of 2N cells electrically connected in a series-
parallel arrangement yielding N sections in series with each section having two cells
in parallel. The method of achieving the series-parallel connections is shown in
Figure 27.
Figure 27. Series-Parallel Connections
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The oxygen electrodes for two adjacent cells share a common metal oxygen mani-
folding plate. This plate is an electrical conductor and connects the electrode pair in
parallel. The hydrogen electrodes of the two cells are interconnected by connectors
located between the two H 2
 plates external to the cells. Using this technique, two cells
are connected in parallel to form a section. The electrical series connections are ac-
complished by means of connectors between appropriate 02 and Ho plates. The series-
parallel uinnectors may be seen in Figure 25. This design, consisting of cells which
are relatively small in size, permits construction of a fuel cell stack with large active
area (and corresponding power capability) . It facilitates obtaining high reliability,
uniformity of cell performance and ligiitweight fuel cell hardware.
Both cells in a paralleled pair (section) operate at a common voltage, each cell sup-
plies a portion of the load current. The load is distributed between the two cells in
accordance with their individual performance (volt-ampere) characteristics. If a
difference in performance exists, the cell with the better performance will assume a
larger share of the load.
Thermal Conditioning and Control Subsystem (TCCS)
The functions of the TCCS are to establ ish and control the stack temperature, to
remove heat from the product water condenser and the fan inverter, and to limit the
heat rejected.
Approximately 35% of the heat is removed from the fuel cell stack with the water
vapor as latent heat of vaporization. The remainder is removed by the TCCS, shown
schematically in Figure 28. The major components external to the stack are: canister
and external heat exchanger; two helium fans; gas ducts and associated baffling; coolant
control valve; inverter cold plate; warinup heaters and thermostats; condenser heat
exchanger, and insulation and thermal isolators.
The TCCS establishes a uniform normal operating stack temperature of 190 *50F.
This involves raising the stack temperature to normal operating range during start-up
and maintaining this temperature during various load and environmental conditions by
the controlled removal of heat.
The heat produced at the fuel cell electrodes is conducted by the cell plates to
cooling fins, which are extensions of the cell plates. Gaseous helium is circulated over
the cooling fins and transports the heat to the canister wall. The heat is conducted
through the canister wall and the heat exchanger tubing, bonded on the outside of the
canister, to the liquid cooling system.
One benefit of this design is the helium atmosphere that blankets the stack and is
contained by the canister/dome assembly as shown in Figure 29. The helium is cir-
culated, by either of two fans functioning in series, past the fins of the Diel cell plates,
and then across the canister wall. This flow pattern effectively maintains a uniform
stack temperature. The fans are redundant, only one being required.
The liquid coolant is circulated through the inverter cold plate and the product
water condenser prior to entering the canister heat exchanger.
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Figure ?8. Temperature Conditioning and Control Subsystem
The fuel cell stack temperature is controlled by a coolant control valve, which can
either direct the liquid coolant through the heat exchanger or bypass it as require i.
This control valve is actuated by an electronic temperature control in the Electrical
Monitoring and Control Assembly (EMCA) that senses stack temperature and powers
the control valve. For the normal off position, the valve is in the bypass mode.
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The heat required to warm up the fuel cell stack to operating temperature during a
start-up male can be obtained from two sources. One consists of two 800 watt warm-
up heaters secured to the external canis ter wall. These heaters warm the canister
wall and the internal circulating helium to bring the stack temperature to the operating
range. A second method is self heating of the stack by connecting the power terminals
to a load.
The loss of heat by conduction and radiation is controlled by use of thermal isolators
and an insulation blanket. The thermal isolators are located between the canister and
the mounting bracket and between the mounting bracket and its support surface. The
insulation blanket consists of aluminized mylar surrounding the canister and heat
exchanger to limit the heat radiated from this surface. The temperature of the mount-
ing bracket and the components mounted thereto are controlled by the cold plate coolant
and water condenser coolant temperatures. The surfaces of the mountin g bracket and
the associated components are coated with a suitable low emissivity paint.
Reactant Conditioning and Control Subsystem (RCCS)
The RCCS provides the fuel cell stack with reactants at the rates demanded by the
load and at a controlled pressure. It also provides for purging of inert gases frori the
cells. A functional schematic of the subsystem is shown in Figure 30.
The RCCS is mounted as an integral part of the bottom end plate. The following
items comprise the RCCS:
• Reactant preheaters
• One dual-balancing reactant inlet pressure regulator
• Two reactant inlet pressure switches
• Two reactant inlet pressure transducers
• Two purge solenoid valves
• Two purge restrictors
Gaseous reactants are fed to the stack through preheaters, and a dual channel
self-balancing pressure regulator.
The dual-channel reactant pressure regulator delivers the reactants to the fuel
cell stack at a pressure of 37 ± 1 psia. The reactants are supplied "dead-ended"
into the cells. Thus during normal no purge operation, the reactant consumption is
a direct function of the current produced. As the reactants are consumed, the inert
impurities in the gases build up in the cell cavities. The inert gases are purged
from the cell periodically. Solenoid-actuated purge valves are used to obtain the
reaotuntpurge.
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Figure 30. Reactant Conditioning and Control Subsystem Schematic
Two types of flow-restrictor devices are used to insure effective uniform purging
of alt. cells in the stack. An orifice-t;pe restrictors is located at the oxygen inlet port
to each cell. During purge flow, uniform pressure drop (about 0.5 psi) is sustained
across these orifices, thereby assuring effective cell purging. Porous plug-type
restrictors located in the purge tubing are used to control the total stack purge flow
rates.
The required frequency of purging is a function of reactant purities and consumption
rates.
Pressure switches are provided for each reactant. These sense the regulated
eactant pressures entering the stack, and, in event of an overpressure condition, can
trigger an automatic shutdoum of the FCP. Pressure transducers are also provided
for monitoring of the absolute pressure of the reactants entering the stack.
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Moisture Conditioning Subsystem (MCS;
The MCS is composed of two assemblies which perform the following functions:
a. Moisture Removal Assembly (MRA) — controls the flow of water vapor from
t i^ e stack by controlling the water cavity pressure.
b. Water Recovery Assembly (WRA) — provides for water recovery by conden-
sation and transfer of the water vapor removed from the fuel cell stack. It
also provides for the controlled venting of water vapor.
MOISTURE REMOVAL
The moisture removal components consist of two solenoid-operated valves, two
pressure transducers, a stack temperature transistor, and an electronic controller
located in the EMCA. The two valves are provided to enhance reliability. One of the
pressure transducers, a potentiometric type, provides the signal to the EMCA for
water removal control. The other transducer provides a signal for read-out of the
absolute pressure in the stack water removal manifolds.
WATER RECOVERY
The WRA receives superheated water vapor from the moisture removal valve and
provides for condensation and transfer of the condensate as potable water. These
functions are performed by a condenser assembly, a deionizer, and a pump assembly.
Controlled venting of water vapor to space is also provided. Figure 31 is a schematic
diagram of the subsystem.
The static condenser-separator is similar in construction to the fuel cell in that it
employs an asbestos Capillary Matrix to separate the vapor and liquid phases and allow
management of the water under zero-gravity conditions. A condenser section consists
of a water vapor plate and a coolant plate separated by an asbestos matrix with support
plaques on both sides. The condenser assembly consists of two such sections.
Water vapor entering the condenser flows through manifolds integral with the plates,
and is distributed by channels in the plates over the surface of nickel plaques
supporting the asbestos matrices. The plaque temperature is maintained below the
saturation temperature of the water vapor by the circulating coolant. Water vapor
condenses on the surface of the plaque and is forced through the plaque and asbestos
matrix by the pressure differential which exists between the water vapor and condensate.
The capillary action of the matrix allows only liquid to pass; thus, the water is separ-
ated from the vapor. A condenser vent regulator valve is used to vent small accum-
ulations of noncondensibles to space, assuring efficient condenser performance.
From the deionizer, the water flows through a check valve into a diaphragm-type
pump. The water accumulates in the pump at a constant pressure maintained by the
gas regulator valve.
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When the pump is full, this condition is sensed by a small reed switch. At this
point, the three-way pump control valve is energized to direct 70 psia oxygen to the
back of the diaphragm. This pump control valve can also be controlled manually.
The pressurized 02 forces the product water to storage against the required
maximum back-pressure of 57 psia.
The duration of the pump cycle is controlled by a 10 second time delay circuit which
is a part of the EMCA. When this time elapses, the pump control valve is switched to
the vacuum line and the filling mode is again initiated.
The gas stop latching solenoid valve is used to isolate the gas supply from the
pump. This valve is controlled manually. Excessive gas pressures in the pump are
vented through the relief valve. The check valves prevent flow of product water from
the spacecraft storage system during the fill cycle and to the condenser during the pump
cycle.
Electrical Monitoring and Control Assembly (EMCA)
The EMCA, along with appropriate sensors, provides necessary logic and memory
for completely automatic operation and safe shutdown of the module. At the same time,
it provides monitoring signals for the vehicle control panel to indicate all important
operational events. Manual override option for certain EMCA controls are provided
on the vehicle control panel. Figure 32 shows the block diagram of the functions per-
formed by the EMCA.
The EMCA is comprised of printed circuit boards, relays, and other components
mounted inside a rectangular anodized magnesium box. The box is fi11Fd with
a shock, vibration, and noise ,reducing material. The box is mounted or. the
module bracket (See Figure 22).
Inverter Assembly
There are two fans in the system for circulation of helium, and two inverters to
power the fans. Only one inverter-fan combination is operating at any time. The other
combination is redundant for increased reliability. In case of a failure in the operating
combination (either the fan or the inverter), its input power is removed and the re-
dundant combination turned on. In addition, the system contains a pump used for
circulation of liquid coolant in the heat exchanger. A third inverter is used to power
this pump. The function of each inverter is to convert do power into 400 Hz, ac power
for its respective fan or pump.
The inverters are packaged in an anodized magnesium box, mounted in a cold
plate on the fuel cell module mounting bracket (See Figure 22).
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STACK DESIGN FEASIBILITY PROGRAM
Early in the Phase II effort, engineering evaluation and endurance testing was per-
formed on a number of stacks to establish the design feasibi' _,y.
System No. IR
System No. 1 (b,_ti'.t and tested under a previous contract) was rebuilt with high
platinum loaded anodes, stainless steel screens supporting the water transport matrix,
and 30—mil cell matrices.
TEST RESULTS
The electrical performance of System No. 1R through 1200 hours of operati:.: is
shown in Figure 33. For 1200 hours of operation the average output degradatic. was
approximately 41 µv/cell/hour, which compares well with the resuits obtained when
this anode material was previously evaluated in single section tests. Also. at a gross
power output of 2170 watts the stack voltage was 27 .2
 volts; still above the specified
minimum of 27 volts.
At 1199.7 hours a 112 ampere emergency load test was run for 2.5 minutes. The
minimum voltage output during this test was 24.73 volts, well above the acceptable mini-
mum of 22.69 volts.
Following the emergency load test, the output voltage of cell section 29 dropped
rapidly and changes in electrolyte concentration and operation procedures were required
to maintain system operation, until an elapsed operating time of 1258 hours when the
system was shutdown. A leak check of the stack verified the presence of a cross—leak
in cell section n, and cell sections 27, 28 and 29 were removed.
TEARDOWN ANALYSIS OF CELL SECTIONS 27, o
	 29
The following observations were noted during a visual inspection of the dismantled
cells.
There was no visual evidence of a cross leak in cell 29. The matrices, seal
frames ;
 plaques, and electrodes all were in very good condition.
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The bearing area of the glastic spacers had compressed approximately 0.001
inch.
0 The 02 purge port of cell 27 was completely filled with granular deposits occa-
sionally encountered in previous systems; the O purge port of cell 29 was
filled approximately 30% with the same type of Aposits. Analysis of similar
deposits encountered previously showed a predominance of MgO with traces of
Cn, Ni, and Au.
Each anode had been deformed into the slots and grooves of its adjoining hydro-
gen plate near the H inlet port. This deformation ranged from 0.010 to 0.065
inch into the slots and covered an area of approximately 1/2 by 2 inches.
Two small areas of nickel plating adhered to the gasket and flaked—off when the
gasket was removed from the lower hydrogen plate of cell 29.
The screen supporting the upper water matrix of cell 27 was not centered
properly. It overlapped the seal frame by approximately 1/16th inch along one
of the long edges.
0 The oxygen plates were corroded around the oxygen purge port area between the
EPT gasket and the edge of the purge manifold hole. A buildup of residual
matter deposited in this area, in the oxygen atmosphere with time, was begin-
ning to deteriorate the plating.
The EPT gaskets measured in a free state revealed in a few random spots in
which the gasket thickness had taken a permanent set to the thickness of the
glastic spacer.
The exact cause of the crossleak could not be determined.
FOLLOW—ON TEST HISTORY
Cell sections 27, 28 and 29 were replaced with new cells and System No. 1R was
reassembled and placed back on test. The electrical performance curve at the end of the
acceptance test of the repaired unit approximated very closely the original 1100 hour
performance curve. (See Figure 34.) However the low optimum KOH concentration
caused a number of cells to operate wet, and raising the KOH concentration caused the
performance of a number of other cells to degrade rapidly. After about an additional
100 hours of operation System No. 1R was discontinued.
Hydrogen and oxygen mono-cell purge probes were installed in the stack of
System No. 1R, and pressure drop measurements of individual cells were recorded.
The oxygen plate of cell section 10 had been the low cell during the previous test run
and was difficult to purge.
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The system was started at a total elapsed operating time of 1357 hours. After 237
hours of operation cell section 24 had degraded sufficiently to attempt a mono—cell
purge. However, leakage of the oxygen probe packing gland prevented accurate evalua-
tion although cell performance was restored to normal. After an additional 100 hours of
operation, a purge of cell section 32 was attempted. The same problems were en-
countered and the same results were obtained. During this operation no difficulties were
obtained with cell section 10. Apparently the initial blockage encountered during the
pressure drop measurements was cleared when the measurements were being made.
Testing was terminated at a total stack operating time of 1700 hours.
System No. ZR
System No. 2 (built and tested undel a previous contract) was rebuilt with sintered
nickel anodes loaded with 40/40 mg/cm of platinum and palladium, sintered nickel
plaques supporting the water matrix, and 20 mil cell matrices.
TEST RESULTS
Evaluation testing of System No. 2R was discontinued after 575 hours of stack
operation due to a cross—leak between the reactant cavities. The electrical performance
through 575 hours is shown in Figure 35
The stack was disassembled and all materials visually inspected. A damaged cell
matrix between the hydrogen and oxygen electrodes in the top cell of section 18 was the
major cause for the cross leakage encountered. These results indicated that 20 mil
thick cell matrices are too fragile for this application.
System No. 7
System No. 7 was built under a previous contract to the then state—of—the—art which
had an operating life goal of 720 hours.
TEST RESULTS
Evaluation testing of System No. 7 was terminated after achieving 800 hours of
operation under load. The electrical performance characteristics throughout 684 hours
are shown in Figure 36.
Output degradation after 684 hours of operation was higher than expected. This
trend was noted initially at approximately 500 hours and optimizing adjustments of KOH,
temperature, etc., were attempted. The electrolyte optimization did not significantly
improve the overall system performance. Following the evaluation test, the following
analysis was undertaken:
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• Residual matter was discovered in the oxygen lines near the bottom end plate.
A boroscopic examination of the oxygen, hydrogren, and water ports throughout
the stack showed them to be in good clean condition except for the end plate
itself. Samples of residue were submitted for chemical analysis with the
following results:
The oxygen purge line sample contained magnesium and nickel com-
pounds—reflecting some deterioration of the nickel plated magnesium
end plate.
The oxygen inlet line sample contained ferrous and chromium con-
stituents probably from stainless steel lines or components in the
system or test setup.
• An investigation was made to determine any variations in fabrication or technology
(relative to silver electrodes) that could be correlated to the performance of
System No. 7. No changes in fabrication techniques were found.
• Performance data of each cell section of a number of similar stack tested pre-
viously were plotted against (1) date of electrode fabrication, and (2) surface
areas of each electrode lot. By comparison, the stack for System No. 7 was
not unique in any respect.
POST TEST HISTORY
System No. 7 was used to determine the feasibility of rejuvenating a fuel cell stack
by flushing and filling with fresh electrolyte. (See separate writeup under "Stack
Rejuvenation" at the end of this section.) System No. 7 stack accumulated a total of
1870 hours of operation under Ioad before testing was terminated.
System No. 9
The endurance life test of System No. 9 was completed on October 5, 1966. The
total operating time under load was 1508.8 hours.
TEST RESULTS
Stack operation throughout this period was satisfactory. Operation at all loads
(0-80 amperes) was still possible at the completion of the test. At 1502 hours the output
voltage of the system at 2000 watts was 26.5 volts.
Control of operating temperature and KOH concentration was excellent. The stack
temperature was maintained at 190 ± 1°F throughout the test, and the KOH concentration
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was maintained within f 1 percent of set point through the first 1047 hours.
However, after about 400 hours of operation, the performance level of System No. 9
was lower than that obtained from System No. 1R and the system continued to degrade at
a faster rate than 1R.
After 1047 hours operation, it was decided to adjust the KOH concentration to permit
stack operation at optimum KOH concentration conditions in an attempt to improve system
performance. Several KOH concentration changes were made throughout the remainder
of the test with good results. V—A data obtained indicates the performance of 1103,
1200, 1344 and 1502 hours was equivalent or superior to that obtained at 900 hours.
Purge control by the EMCS was also satisfactory.
The following component failures occurred during the test:
A 02 regulator replaced at 423.7 hours.
• Water cavity pressure transducer replaced at 585.7 hours.
0 Moisture removal valve replaced at 1024 hours.
The stack tie—bolts were retorqued five times at 101.5, 423.6, 614.6, 966.6 and
1345.7 hours. The total stack relaxation during the test was 0.041 inches.
System performance during the entire endurance test is shown in Figure 37.
During the 1500 hour endurance test of System No. 9, purging was found to be
effective in raising low cells when the purge duration was increased. There were
instances when depressurization of the reactant cavities was performed to correct
undesirable spread in cell voltages.
Below is a tabulation of these unscheduled manual purges and their effect on low
cells.
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Elapsed Current Cell
Cell Volta a Purge
DurationBefore After
Time (Hours) (Amps) Position Purge Purge (Seconds)
349.5 55 23 0.835 0.908 19
374.0 55 23 0.832 0.846 10
422.4 55 23 0.798 0.899 Depressurization
755.4 55 1)7 0.689 0.843 15
766.2 55 27 0.613 0.842 15
772.0 55 27 0.696 0.785 15
979.1 69 6 0.698 0.726 15
991.8 69 6 0.692 0.722 15
1445.1 33 20 0.746 0.890 5
POST TEST HISTORY
After completion of endurance life tests, System No. 9 was used for engineering
evaluation of a modified fuel cell control panel and associated relay box for System
No. 11 during the NASA—MSC evaluation of that system. Later, System No. 9 was
used in early vibration testing of the fuel cell mounting bracket.
System No. 10
System No. 10, built with high catalyst loaded electrodes, was used for engineering
evaluation testing. The main area of evaluation concerned thermal performance of a
new configuration gas/liquid heat exchanger integral with the canister. A total of 860
test hours were logged.
TEST RESULTS
System No. 10 had operated 201.6 hours toward a life test goal of 500 hours when a
system failure occurred during a V—A run which necessitated shutting down the test.
The failure caused a current in excess of 120 amperes to be drawn in a reference
ground lead. This lead ties the negative output terminal of the fuel cell stack to
reference ground, and normally should not carry current. Preliminary investigation
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of the system and supporting test board indicated that the positive side of the stack
had shorted to the canister somewhere within the canister.
The initial resistance measurements failed to indicate a direct short circuit
between the positive terminal of the stack and the canister. The ',anister was removed
and the stack was inspected. There was no visual evidence of a breakdown between the
positive end of the stack and the canister. The system was reassembled and put back
on test with the reference ground lead fused at 10 amperes. When the reactants were
first introduced to the fuel cell stack, the system voltage began to rise, and the fuse
in the reference ground lead opened when the system voltage reached approximately
20 volts.
System No. 10 had several design changes incorporated in the stack to evaluate
stack relaxation. The 3/8 inch polypropylene spacers at each end of the stack was
replaced with stainless steel spacers. The end cells of the stack were electrically
isolated from these stainless steel spacers within 0.063 inch polysulfone spacers.
It was theorized that an electrolytic path was established from the bottom cell to the
bottom end plate around the polysulfone spacers which would breakdown, electrically,
when a sufficient potential was established between them.
The canister was removed and the stack was separated from the bottom end plate.
There was evidence of very high current flow from the bottom cell to the stainless
spacer in the area between the edge of the polysulfone spacer and the EPT gasket which
externally seals this area. The polysulfone spacer and gasket were charred around
the current path area.
As a temporary repair, the polysulfone spacers at the top and bottom of the stack
were replaced with an 0.068 inch EPT spacers whose dimensions are equal to the inside
dimensions of the external sealing gasket. When the stack was compressed, this spacer
compressed slightly to provide an effective seal between the cell and the stainless steel
spacer.
The system was then reassembled and installed on the test bench with a recorder
connected in the reference ground lead to monitor the current. Reactants were then
introduced into the stack the current in the reference ground lead rose to 10 amperes,
and was sustained between 6 and 10 amperes with loads up to 20 amperes applied to the
fuel cell.
A test fixture was fabricated to measure the effective resistance of the EPT spacer
under conditions simulating the actual application of the spacers in the stack. With 30
volts applied across the spacer in a 200 F ambient the effective resistance was 5 ohms.
This result correlated with the data obtained during the test of the system.
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The stack for System No. 10 was rebuilt with polysulfone barriers at the top and
bottom ends of the stack. This modification was made in an effort to eliminate the
electrical leakage problem between the stack and the stack assembly end plates.
After assembly a stack leak test was performed on the system, and a very small
leak of approximately 50 ml per hour was discovered. An inspection of the reactant
:manifolds in the stack did not reveal any misaligned gaskets, or any other reason for
the leak. The system was started under standard startup procedures, and operated
at 40 amperes for about 4 hours. No current flow was detected in the ground circuit,
and all individual cells performed normally. The system was shut down for a weekend.
The following Monday, a 36 hour acceptance test and V—A run was performed with the
system operating satisfactorily. Again no electrical ground leak was detected. A
recheck of the reactant leak test was performed upon completion of the acceptance test
and no reactant leak was detected.
Early in 1967 the Belleville washer stack loading device and the oxygen inlet purge
restrictors were installed in this system. The system was acceptance tested and the
engineering evaluation test program was started on February 13,1967 at a system
operating time of 237 hour—
The system was operated with the load profile as shown on Figure 38.
The system electrical performance is suirmarized on the V—P curves shown on
Figure 39. From this curve the following average cell—section voltage degradation
rates at a 40 ampere load were computed:
Elapsed Time Degradation (µv/hr/cell)
248 to 451.5 19.3
248 to 551.5 21.9
248 to 674.5 33.4
During this operating period the system was operated for a total of 497 hours with
a total of 147 purges. Seventy—four purges were performed at the 40 ampere load. The
following table presents the low voltage cells at their minimum voltage at a 40 ampere
load. The purges were preformed at 128 ampere hour intervals at a 5 second duration.
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Hours
Cell
Number
Cell Voltage Total Voltage
RemarksBefore After Before After
245.65 19 0.925 0.928 30.89 30.91 First 40 ampere purge
317.3 5 0.918 0.930 30.68 30.98
445.2 19 0.913 0.918 30.84 30.89
710.0 26 0.875 0.881 30.36 30.40
732.6 26 0.880 0.881 30.22 30.27 Last 40 ampere purge
The following table presents the low voltage cells at their maxiznr m voltage at a
40 ampere load.
E.T.
Hours
Cell
Number
Cell Voltage Total Voltage
RemarksBefore After Before After
245.65 19 0.925 0.928 30.89 30.91 First 40 ampere purge
272.7 5 0.931 0.931 30.97 31.03
315.0 26 0.930 0.932 30.95 31.0
372.3 19 0.925 0.927 30.92 30.97
732.6 26 0.880 0.881 30.22 30.27 Last 40 ampere purge
During purging, Cell No. 5 was low 23 times, Cell No. 19 -42 times and Cell
No. 26 - 75 times. From E. T. 245.6 hours to E. T. 732.3 hours the degradation
after purging was 39.8 gv/hr/cell at a 40 ampere load. To date there has been no
unscheduled purges performed on the system. The maximum voltage spread between
the high and low cells in the stack have been approximately 0.051 V. at a 40 ampere
load.
Only intermittant operation of the WRA was logged on System No. 10. The 3-way
condenser by-pass valve failed three times. This was the first difficulty experienced
with this valve. The same configuration valve was subjected to component performance
and life tests, subsystem environmental test and was employed on Systems Nos. 9 and
11, with very few difficulties. Initial investigations show that the elastomer poppet
seat face loosened from the poppet.
During this test phase, system component failures and test bench malfunctions
caused two unscheduled system shutdowns and operation at nonoptimum conditions. Two
fan failures were experienced early in the test phase. Both fans were Globe Model
19A1562.
r
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One of the initial fans and its replacement failed within 20 hours after being in-
stalled in the system. A preliminary failure analysis indicated that the soldered motor
connection joints might be the cause.
The second unscheduled shutdown occurred at an elapsed test time of approximately
730 hours. At this point either an operator error or erratic test bench equipment
operation damaged several components within the EMCS, necessitating a system saut-
down. During the shutdown operation several manual test bench valving operations
were performed out of proper sequence.
This resulted in pressure, in excess of 100 psi, being introduced into the stack
through the hydrogen reactant purge valve. The magnitude of the resulting stack
pressure differential apparently produced a high pressure in both the oxygen and
water vapor cavities as well. The result of the high pressure in the stack cavities
caused failure of the reactant pressure regulators, cavity pressure transducers (read-
out and control) and condenser bypass valve.
After replacement of the failed components an additional 187 hours of operation
were logged. It is important to note that no adverse effects of the stack over pres-
surization were noted on the system performance.
In April of 1967, a reacceptance Baseline Test was performed on System No. 10,
with the EMCS, to establish stable fuel cell system characteristics prior to conducting
performance tests with the EMCA. The system was operated on the load profile shown
in Figure 40 between 814.9 and 857.5 hours of total elapsed operating time on the
system. KOH optimization at 40 amperes was performed from ET 819 to ET 834.5
hours, and was established at 28% KOH concentration.
It should be noted that the WRA did not operate throughout the baseline test. The
water cavity pressure equivalent to the low (28%) KOH concentration was outside the
specification pressure limits of the WRA pressure switch. Therefore, all water vapor
was being by—passed and the system operated in the open—loop mode.
V—A characteristics of the system were obtained at ET 835 hours and ET 857.5 hours.
Graphically, the V—A characteristics at ET 857.5 hours were very similar to those at
ET 8.15.0 hours, as shown in the following table.
V—A Characteristics of System No. 10
Amperes ET 835.0 Volts ET 857.5 Volts
0 35.92 36.20
10 32.46 32.34
20 31.55 31.42
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Amperes ET 835.0 Volts ET 857.5 Volts
30 30.85 30.79
40 30.22 30.17
50 29.71 29.62
60 29.19 29.16
70 28.74 28.65
80 28.28 28.17
A continuous plot of KOH concentration and product water pH is shown in Figure 41.
After optimization, the KOH concentration varied from 27.8 to 29 percent and the water
pH from 9.4 to 10.4.
A continuous plot of total stack voltage and the low voltage cells (No. 1, 7, and 26)
at 40 amperes is shown in Figure 42. Prior to this reacceptance test cells 1 and 26
where the low output cells, cell No. 7 had shown no abnormal degradation tendencies.
At ET 840 hours, cell No. 7 experienced an abrupt degradation in performance, drop-
ping from 0.880 volts to 0.755 volts in approximately six hours. Examination of the
voltage plots for each individual cell revealed that cells Nos. 15 and 28 experienced
similar degradation in performance.
Erroneous instrumentation readings early in the test resulted in the system being
operated outside its normal pressure and temperature parameters. The resulting
optimum electrolyte concentration was too low to operate the system meaningfully.
POST TEST HISTORY
As of 860.5 hours of operation, the status of System No. 10 was as follows.
• A 40% KOH flush—fill procedure was applied to restore uniform KOH concen-
tration at the expected optimum level. The 0 2
 inlet restrictors were also re—
calibrated and reinstalled.
• Operation of System No. 10 was resumed for a baseline checkout test prior to
conducting EMCA test and thermal tests. On restart a 200 cc/min leak of H2
into the H2O cavity was noted, and operation was terminated.
• The need to isolate electrolyte film paths in the stack was identified by this
test program. A short circuit within the stack was due to the stack potential
existing between an adjacent positive cell plate in the stack and the canister
end plate. A film or liquid KOH path formed causing a short circuit through
the film. Resolution of this problem resulted in a redesign of the fuel cell
stack which isolated all possible KOH paths and reduced the potential across
the cell plate and canister end plate to zero.
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Figure 41. System No. 10 Performance
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System No. 11
Fuel Cell System No. 11 was originally fabricated and tested at Allis-Chalmers
during May-June, 1966 and delivered to NASA-MSC under Contract NAS9-5834.
System testing was conducted at MSC until December, 1966 when the unit was re-
turned to Allis-Chalmers for the incorporation of (a) gas flow restrictors at the oxygen
inlet port of each cell to improve cell purging, and (b) Belleville washers to maintain
stack compression. The reworked unit was returned to MSC in February 1967 and was
further tested until April, 1967. Approximately 1610 hours of test time was performed
on the unit at MSC.
System No. 11 was returned to Allis-Chalmers for the following:
• Post-test analysis
• Replacement of defective cells
• Delivery of the refurbished system to NASA-MSFC for continued testing.
POST TEST ANALYSIS
The stack was leak tested in an attempt to verify the suspected crossleaks in the
area of cell section 311, 32, and 33. No crossleaks were detected. An individual cell
pressure drop test was then performed on the stack. Some cells showed an increase
in the AP values indicating higher gas flow resistance possibly due to one or more of
the following factors.
• Loss of effectiveness of the restrictor due to the "setting" of rubber spacers.
• Partial plugging of the EDM ports in the cell plates due to the corrosion.
• Restrictions in the inlet flow due to protrusion of the electrodes into the cell
plate slots near the reactant inlet ports.
This higher gas flow resistance would account for the poor electrical performance
of cell sections 31, 32, and 33 originally attributed to crossleaks.
With the reactant and water cavities pressurized with helium at 20 psig, a pres-
sure loss of 7.85 psi was measured over a 138 hour period, verifying the external leak.
With the aid of a helium detector probe, aleak was found at the O-ring in the hydrogen
purge connection on the top end of the stack. (This leak would account for the amounts
of helium measured in the samples taken at the top cell of the stack during testing at
NASA-MSC). The O-ring was replaced, the canister was resealed, and the stack was
rechecked for external leaks. With the canister pressurized with helium at 25 psig no
leaks were detected to any of the cavities. The reactant cavities were then closed to
the atmosphere with a pressure gage installed in each line. After 16 hours the 0 2 cavity
had a pressure of 0.8 psig indicating a slight leak but within acceptable test specification
limits.
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REFURBISHMENT
Cell sections 30, 31, 32 and 33 were replaced with new cell sections. A pressure
drop test subsequent to reassembly of the stack revealed complete reactant inlet block-
age in the oxygen plates of cell sections 11 and 21. Cell sections 11 and 21 were also
replaced and no further blockage was encountered.
_inspection and testing was performed on the major subsystem components for
comparison with specified performance characteristics. All defective or questionable
components were replaced.
The Water Recovery Subsystem (WRS) of System No. 11 was replaced with the WRS
from System No. 111 whose condenser has a total accumulated operating time of about
200 hours. Disassembly and inspection of the condenser from Systein No. 11 was con-
sidered to be desirable and informative.
ACCEPTANCE TEST
A 30 hour performance verification test was performed on System No. 11. The
V-P characteristics of the refurbished system is shown in Figure 43. Also shown in
Figure 43 is the last V-P curve obtained during the NASA-MSC tests on April 12, 1967
at an operating time of approximately 1600 hours. The V-P curve of the refurbished
system almost coincides with a V-P curve established at MSC at approximately 1228
hours.
Problems Identified
The stack testing program identified a number of problems. The problems and
their solutions are discussed below.
PURGE UNIFORMITY
In the stack design, the reactant cavity : s are parallel connected between the inlet
and purge manifolds. The greatest restriction to gas flow occurs in the port between
the inlet manifold and the cavity. The pressure drop through this port during purge
(when the gas flow rate is 2.5 times the normal flow rate at 80 ASF) is relatively small,
approximately 0.02 L0 0.03 psi.
Any minute part-to-part variation can restrict the flow of gas to the affected cell
and increase the pressure drop by a magnitude of 2 to 3. Because of the parallel flow
path arrangement, reactants are fed to the affected cell from adjacent cells, via the
purge manifold, along with the inerts accumulated in the adjacent cells, and the per-
formance of the affected cell is drastically reduced.
To verify that more uniform cell performance could've obtained by assuring that
the suspect cells are adequately purged, a mono-cell purge probe was designed and
built. This device, shown in Figure 44 can be positioned at the inlet port of any cell
plate and that cell cavity can be purged individually. This individual purge can be per-
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Figure 44. Mono-Cell Purge Probe Assembly Installed in Fuel Cell Stacy
formed -%N-pile the stack is operating and the performance change of the cell in question
in response to the purge can be monitored. Alono-cell purge probe tests were success-
fully accomplished on System No. 11 at NASA-RISC and on System No. 1R. The tests
revealed that purging the oxygen cavity of a degraded cell section restored the section
to normal performance in all cases. Individual purging of the hydrogen cavities had
very little or no effect on cell performance.
P .oblem Solutions
In many cases the blocked ports can be cleaned with depressurization purges, or
very large purge flow rates. However, neither method has proven very satisfactory on
a full scale stack.
If during a purge the pressure drop to each cell cavity is increased by a magnitude
of 10. the individual 2 to 3 times increase in individual cell pressure drop would have
very little effect upon t',e overall parallel flow arrangement of the stack. An assembly
Of 02 flaw restrictors as shown in Figure 45 was designed and built. This assembly can
be positioned into the inlet oxygen manifold of a previosuly constructed stack. The
rubber gaskets along the length of the assembly provide a seal to the inner diameter of
the oxygen manifold individually isolating each 02 cavity. This assembly was installed
on System No. 10, and individual 02 plate pressure drop test performed. Figure 46
shows the effect of the restrictors on the individual 02 cavity pressure drops. There
was a marked improvement in individual cell output uniformity during the testing of
System 'Nlo. 10.
PURGE MANIFOLD CORROSION
Teardown analysis of operational fuel cell stacks has identified the problem of
corrosion deposits in the oxygen purge ports. The corrosion originates on the surface
of the fuel cell plate within the gasket area of the manifold. In severe cases it extended
into the manifold, obstructing the EDM hole, and ultimately affecting individual cell
purging. This corrosion appears to be a time-dependent process; being observed after
approximately 600 hours of stack operation.
A series of tests were made to experimentally determine the conditions which would
most readily accelerate the corrosion process so that a reduced time testing program
of various problem solutions could be performed. The test unit for these experiments
consisted of three water plates separated by the standard gasket-spacer arrangement
and compressed between two small module end plates, as shown in Figure 47. The
middle plate simulated an oxygen plate and the two outside plates simulated the adjacent
hydregen plates. Each of the four reactant ports on the water plates have no EDM hole
and thus are isolated from each other. This provided four separate test areas in each
unit; each area representing an oxygen purge manifold.
The four ports were filled with an aqueous solution of KOH and the unit was agitated
to distribute the KOH on all exposed internal surfaces. The excess KOH was drained.
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This procedure provided KOH in the corrosion area in the mariner similar to that which
might accumulate during purging and/or flushing of a stack. Pure oxygen was statically
fed to the ports at pressures between zero and 155 psig.
A potential was applied to each test unit such that the center plate, i. e. simulated
oxygen plate, was at a positive potential with respect to the adjacent plates. Two test
facilities were used to provide two independently controlled thermal environments.
Tests were conducted at two temperature levels, two voltage levels, six levels of
oxygen pressure and throe KOH concentrations. Time did not permit obtaining a com-
plete test grid of these variables so the tescs were organized to separate the effect of
each.
A summary of the test conditions and results is presented in Table 9. Photographs
showing the condition of the center plate of Unit 3, the most severally corroded unit,
are shown in Figures 48 and 49. A spectrographic analysis of the corrosion products
from this plate showed the following major constituents.
Compound Percentage of Total
Nickel Majority
Copper 0.1%
Iron 1-5%
Gold 0.1%
Gallium 0.1%
Based on thes° test results, the following was concluded:
• Of the variables tested, elevated temperature is most effective in accelerating
the corrosion.
• The order of the corrosion mechanism is first electrochemical and then
chemical.
• The ports with 25% KOH, which is the concentration of minimum electrical
resistance, experienced slightly greater corrosion than those with 35% and
45% KOH.
Problem Solution
To determine a possible solution to the problem the following four configurations
,;re tested.
• Units 7 and 8 - A thin film (approximately 1 mil) of polysulfone was bonded
to the plates in the port area to electrically and chemically protect the plating.
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• Unit 9 - A thin film of a Teflon compound which can be sintered at 450 0 F. was
honded to the plates in the port area.
Unit 10 - A special rubber gasket anO a Teflon insert was installed in the
oxygen purge ports to breakup KOH films, and thus prevent electrical paths
between adjacent fuel cell plates. This configuration was selected for the
En gineering Development Stack (EDS No. 1).
The units were operated for 150 hours at 25 psig static oxygen pressure and 5 volts
potential except Unit 8 which was tested with zero voltage to obtain more data on the
role of the electrolyte mechanism in the over-all process. All ports were filled with a
25`.x(' KOH solution. In addition, a hypodermic needle was used to force KOH into the
volume between the Teflon inserts and the manifold hole on Unit 10, to duplicate an
operational fuel cell environment.
A summary of the test results for Units 7, 8, 9, and 10 is presented in Table 10.
Nt nr, , f the test ports experienced the degree of corrosion observed with Unit 3
(eic-: aLied temperature test), probably due to the lower operating temperature and
_bcrter test duration, and correspondingly represent the condition of an actual fuel cell
plate e rlicr in life. The unprotected ports of Units 7 and 10 were not severely corroded.
Thug these units did not provide conclusive evidence of the long-term effectiveness of
the Teflon inserts and the polysulfone coating. Consequently a dual-purpose unit, No.
11, with both Teflon inserts and polysulfone coating was tested to 340 hours, and the
results are also shown in Table 10.
On the basis of these tests, the Teflon insert arrangement, as employed in EDS
No. 1, is the most effective method for preventing fuel cell plate corrosion, and was
picked for the DVT centerline design.
STACK RELAXATION
Tests conducted on System No. 7 and other stacks determined that stack relaxation
is not always a direct or predictable cause for degradation in fuel cell performance.
However the loss of compressive load eventually results in gas leakage and in a change
in stack stiffness which can cause an unpredictable stack vibration frequency response.
When the problem of stack relaxation was recognized, the initial torquing procedure
during stack fabrication was modified whereby the stack was checked an retorqued daily
over approximately one week after assembly. The stack for System No. 9, assembled
with the new torquing procedure, relaxed a total of 0.040 inch during approximately 1400
hours of o-oration compared to the C.100 inch relaxation for the stack of System No. 7
which was torqued only once during initic_1 fabrication. Projecting System No. 9 relw-.
-ation to 2500 hours of operating life produced a total relaxation of approximately 0.065
inch.
Problem Solutions
Various relaxation compensating devices were investigated and a series-parallel
combination of Belleville (spring) washers on each stack stud was chosen for further
extended testing. A number of tests and analysis were conducted to determine the
characteristics of various Belleville washer combinations and to verify total stack re-
laxation during its operating life.
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Based on these test results a 4 in parallel, 7 in series combination of Belleville
washers waa specified for the DVT design, and washer assembly deflection versus stud
load curve was derived for this combination. (See Figure 50). Using the mean curve
of Figure 50, the expected stud load after 2500 hours of operation is found to be main-
tained to about 1250 lbs which is adequate for trouble-free etack performar,4 ­
 as shown
in Figure 51. The decrease in the stud load of 1270 lbs is based on an expected stack
relaxation of 0.065 inch in 2500 hours of operati.on. A comparison of the actual results
obtained with a 5/6 washer combination through 1500 hourP of operation to the DVT
design is also shown in Figure 51. The steeper slope of the 4/7 combination and the
resultant higher retained stud load for the longer operating time of the DVT units is
apparent.
To simplify the adjustment of the compensating device !­Pd. o. ierque versus stud
load (Figure 50) has been developed. Using the mean curve w t,;rquv of 240-250
inch-lbs is required for the initial stud load of 2500 lbs. The deflection at 2500 lbs
of stud load is based on the load decreasing portion of the hysteresis :envelope for
the washer assembly. Therefore the stud sent must be initially torqued to about
260-270 in-lbs and then backed-off to the required load. This reversal of the
assembly loading eleminates the "flat" region of the hysteresis envelope where a
fairly large load drop occurs with little change in stack height.
ELECTROLYTIC CORROSION OF BOTTOM END PLATE
In an effort to improve stack relaxation, the 5/8 inch polyproplyene spacers at
each end of the stack were replaced with stainless steel spacers and the end cells of the
stack were electrically insulated from the end plates with 0.063 inch polysulfone
spacers. This design modification was evaluated on System No. 10. After approxi-
mately 200 hours of operation the stack of System No. 10 shorted to ground. Investi-
gation of the problem revealed that an electrolytic path was established from the bottom
end cell of the stack to the bottom end plate through the penetrations (for reactan t, supply,
purge outlet, etc.) in the bottom end plate spac -.rs. Since full stack potential exists
between the bottom cell and the end plate, an electrical breakdown path was established.
Problem Solutions
To resolve this problem the stack was inverted electrically. With this modification
less than 1 volt potential difference exists between the bottom cell and the bottom end
plate. Full stack potential exists between the topmost cell of the stack and the top end
plate. However there are no penetrations in the top end plate insulator.
ELECTRODE DRYING AT REACTANT INLET
Teardown analysis of cell sections has revealed that the electrodes tend to dryout
in the area of the reactant inlet due to the volume and velocity of the reactants in this
area. Also the electrodes were deforming into the slots of the adjacent cell platro to
the extent that partial blockage of the EDM inlet port was occurring at times.
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Problem Solution
Nickel foil shields (3/4 by 1-5/8 by 0.0015 in. thick) were spot welded to the
electrodes at the reactant inlet area, and have been effecLive in solving both the drying
and deformation problems.
INCREASED ELECTROLYTE LOADING
For 2500 hours of operation a greater volume of electrolyte is required during the
initial loading of the stack.
Problem Solution
To allow for greater electrolyte loading the thickness of the cell spacer was in-
creased from 0.065 to 0.075 inches, thus increasing the volume of the reactant cavities.
INDIVIDUAL CELL VOLTAGE DISTRIBUTION
To improve the spread of the voltage output of individual cell sections in a stack a
number of modifications were proposed. The following were selected for further test
and evaluation.
Problem Solutions
The following modifications were evaluated and integrated into the DVT design.
The dimensional tolerance limits for a number of cell components were
tightened so assure a greater physical uniformity between individual cells.
The electrolyte loading procedure during stack assembly was changed. Pre-
viously each matrix was loaded with a predetermined amount of electrolyte as
the stack was being assembled. In the present procedure the stack is assem-
bled dry. The assembled stack is evacuated, completely filled with electro-
lyte, pressurized to assure complete pore penetration of electrodes and
matrices, and the excess electrolyte drained.
0 The purge restrictors in the 0 2 inlet manifolds were discussed previously.
Single Section Cell Tests
The solutions discussed above were verified in a number of single section cell
tests. The cells, their features, and test results are shown below.
CELL NO. 185
Cell 185 was tested as a control unit to establish baseline date for subsequent
construction modification. It was built with standard 0.065 inch thick cell spacers
and standard electrodes (HYSAC silver cathode and AB-40 platinum anode). The cell
was dry stacked and vacuum loaded with a 35% KOH solution.
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The unit was shutdown at 4200 hours of operation when its performance became
erratic. The overall voltage degradation rate of Cell 185 through 4200 hours of opera-
tion at a constant 80 ampere load was 30.6 )Av/hr.
CELL NO. 187
Cell 187 was tested to evaluate the effect on performance of 0.075 inch thick cell
spacers.
The performance of this unit was excellent throughout its test. All test objectives
were met and the test was shutdown at 5000 hours, with the unit still in operable con-
dition. The overall voltage degradation rate of Cell 187 through 5000 hours of operation
at a constant 80 ampere load was 21.0 uv/hr.
CELL NO. 188
Cell 188 was tested to evaluate the performance of a cell constructed with 0.070
inch thick cell spacers.
At 1621 hours of operation the unit was shutdown for modificatons to the thermal
system. Rather than maintaining operating temperature by placing the unit in an oven,
cell temperature was maintained by means of heating tapes placed on the end plates of
the cell. Steam was used for quick heating during startup and chilled water for cooling.
At the time of shutdown the cell output was 0.876 volts, and the overall voltage
degradation rate at a constant 80 ampere load was 29 14v/hr.
Problems were encountered with operating the modified thermal system and the
testing of Cell 188 was terminated after 1862 hours of operation. The overall voltage
degradation rate through 1962 hours was approximately 28 ,}4v/hr.
CELL NO. 1.89
Cell 189 was tested to evaluate the performance of a cell constructed with 0.080
inch thick cell spacers.
Testing of this unit was terminated after 2127 hours of operation due to erratic
operation. The overall voltage degradation rate of Cell 189 at a constant 80 ampere
load was 43 }(v/hr.
CELL NO. 191
Cell 191 was tested to evaluate the performance of a cell constructed with pre-
conditioned anodes, 0.075 inch thick cell spacers, and reactant inlet purge restrictors.
The anodes had been vacuum impregnated with a 40% KOH solution prior to stack
assembly, and the unit was wet stacked with 40% KOH during assembly.
The unit was shutdown at 4000 hours of operation, when it was felt that no further
meaningful information could be obtained from this test. Its performance at shutdown
was still excellent. The overall voltage degradation rate of Cell 191 at a constant 80
ampere load was 25 pv/hr.
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CELL NO. 192
Cell 192 was tested to evaluate the performance of a cell constructed with drying
shields on the H2 electrode and inlet purge restrictors.
Cell 192 was shutdown after 2487 hours of operation with the unit still operable.
The overall voltage degradation rate at a constant 80 ampere load was 31.2 uv/hr.
CELL NO. 194
Cell 194 was tested to evaluate the performance properties of the 30 mil asbestos
which was to be used in EDS No. 1.
Testing of this unit was terminated after 1189 hours of operation due to a significant
loss of electrolyte because of test equipment failure. The performance of the cell at
this point was not satisfactory enough for the objective of the test.
CELL NO. 195
Cell 195 was tested to evaluate the performance of a cell dry-stacked with
electrodes, preloaded with a 40% KOH solution.
Cell 195 had a lower initial voltage output (0.901 volts), but its overall degradation
rate through 3331 hours of operation at a constant 80 ampere load was only 12 uv/hr.
The unit was still operating at shutdown.
CELL NO. 199
Cell 199 was tested to determine the effect on performance of a cell whose plates
were coated with a 1-mil thick polysulfone film. In addition, a high current density
startup (initial load spikes up to 500 ASF) was performed on this unit.
The performance of this cell was excellent throughout its specified test life, and
all test objectives were met. Before terminating the operation of this cell, an additional
test was performed to determine the effect on performance of unbalanced pressures in
the reactant cavities. The cell was operated for one hour each at reactant pressure
differentials of 15 and 20 psid. The performance of the cell was severely damaged. A
series of KOH optimizations were performed with very little sustained success, and the
unit was shutdown after approximately 2300 hours of operation. The overall voltage
degradation rate at a constant of 80 ampere load was 30 jAv/hr.
CELL NO. 200
Cell No. 200 was tested to evaluate the performance of a centerline single section
fuel cell operated at a temperature of 220°F. The unit was constructed with 75 mil
spacers, teflon inserts in the purge manifolds and nickel shields on the anodes at the
reactant inlet. The unit was dry stacked and vacuum loaded with a 35% KOH solution.
A "burn-in startup" (operating the cell at high current densities at the start of the test)
was also performed.
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Testing was terminated at 1258 hours of operation after several improperly per-
formed startups caused a calculated loss of 3.44 grams of KOH. This degraded the
cell performance to the point it was considered inadequate for further testing.
There was a marked improvement in the voltage degradation rate of this unit
throughout the test. From an initial overall voltage degradation rate of 118 wv/hr
through the first 240 hours of operation, the rate decreased to 81.5 gv/hr through
860 hours, to 75 uv/hr just prior to the KOH loss.
-103-
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DVT STACK DESIGN PROGRAM
Engineering Design Stack (EDS No. 1)
To verify the various proposed problem fixes and to evaluate design performance
for 1500 hours of operation, a full-size stack (EDS No. 1) was fabricated for engineer-
ing testing. The following features were incorporated into this stack:
• Oxygen inlet purge restrictors for purge uniformity.
• Shields on electrodes at the reactant inlet to minimize matrix drying.
• Belleville washer stack compression device to compensate for stack relax-
ation.
• Teflon inserts in the oxygen purge manifold to minimize plate corrosion.
• Stack inverted electrically to reduce electrolyte corrosion near the bottom
end plate.
• 0.075 inch thick cell spacers to allow for greater electrolyte loading of the
cell matrices.
• Improved plating of fuel cell plates.
• Double coil, canister-type heat exchanger.
TEST OBJECTIVES
The following test objectives were established for EDS No. 1:
• Operate the stack for 1500 hours to the DVT load profile shown in Figure 53.
• Establish electrical performance characteristics.
• Define the KOH control profile for DVT.
• Verify the stack relaxation fix.
• Verify the purge uniformity fix.
• Evaluate the corrosion fix.
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15 00 HOUR TEST RESULTS
Electrical Performance
To meet the contractual electrical performance requirements after 1500 hours of
operation, a degradation rate of 30 uv/hr/section was established as a design goal.
The degradation rate would assure that the minimum output of 27 vdc at 2 kw net (2120
kw gross) could be demonstrated after 1500 hours. As shown in Figure 54, the output
voltage of EDS No. 1 at 2 kw net after 1500 hours was approximately 28.3 volts (1.3
volts above the required minimum). Two factors contributed to this excellent electrical
performance. The first was a substantial improvement in the degradation rate (20
versus 30 1uv/hr/hr/section, and the second was the higher initial performance than
the design standard upon which the 30 ytv/hr/section degradation rate was based (see
Figure 54).
Because of the excellent performance of EDS No. 1 during the 1500 hour test, it
was decided to continue the evaluation test program towards verification of 2500 hours
of operation within the contractual requirements and 3000 hours of service life.
3000 HOUR TEST RESULTS
EDS No. 1 successfully completed the 3000 hour operational test to verify its
service life, and in the interim it verified 2500 hours of operation within the contractual
requirements.
Electrical Performance
The electrical performance of the stack throughout the test was very good. Its
V--P curve at various times during the test is shown in Figure 55. At 2500 hours the
gross power output at the minimum specified voltage (27 vdc) was 2400 watts; at rated
power (2120 watts, gross) the output voltage was approximately 27.6 vdc. For 2500
hours of operation the overall degradation was about 17 jtv/hr/section.
At 2934 hours the stack experienced a thermal unbalance which was a contributing
factor to the increased degradation rate during the last few hours of the test. The
thermal unbalanced was caused by a failure of one of the helium circulating fans, which
caused the fan fuses in the test bench to open. Since both fans were fused on the same
circuit both fans stopped. At 3000 hours the stack was still able to produce 1950 watts
at 27 volts and its overall degradation rate was approximately 20.4 Nv/hr/cell. At
2839 hours (prior to the thermal unbalance) the degradation was approximately 18.5
uv/hr/cell .
A continuous plot of high, average, and low output cells for 40 and 70 ampere
loads is shown in Figure 56. The cell section voltage distribution of the stack at
various operating times is shown iL Figure 57. Cell uniformity was generally good.
However, cell section 18 displayed a marked decrease in performance from 2500 to
2740 hours. The response of cell 18 to auto-purge was neglible until 2734 hours. At
that time, it increased from 833 to 865 m y
 following auto-purge. Cell 18 was stable at
about 850 my
 (40 amp load) until the thermal unbalance occurred.
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Standard deviation in cell voltage at 40 amperes for 2500 hours was 10.6 millivolts.
KOH Control Profile
During this entire test the philosophy for attaining long stack life was to operate the
stack as wet as possible without sacrificing electrical performance. Consequently a
number of KOH optimization tests were performed during the 3000 hours of operation,
and the KOH concentration was changed whenever conditions warranted a change. The
KOH control profile through 3000 hours of operation is shown in Figure 58. The in-
dividival cell section high, low, and average KOH concentrations at 10 hour intervals
through 3000 hours of operation are shown in Figure 59.
Purge Uniformity
No unscheduled purges were required throughout the entire test. Through 2500
hours of operation the stack performed well within the design requirements with auto-
matic purges scheduled at 128 amp-hour intervals. At 2592 hours an extended manual
purge was performed in lieu of the scheduled auto purge. The oxygen and hydrogen
cavities were purged for 20 and 15 seconds, respectively, in an effort to diagnose the
reason for the accelerated drop-off of cell 18. The cell did not respond to the purge,
however, its output did increase later in response to an automatic purge, indicating a
possible temporary blockage of the inlet or purge ports.
Stack Relaxation
EDS No. 1 was sl­.it down after 2540 hours of operation and the canis^^r dome
removed to evaluate the effectiveness of the stack relaxation compensating devices.
As a design criteria the projected stack relaxation after 2500 hours of operation
was, established as 0.065 inch maximum, based on an initial stack stud loading of 2500
lhs. However, it has been determined that the actual average stud loading during stack-
ing was 2175 lbs, and 1750 lbs after retorqu-ig after the acceptance test. In spite of
this lower initial stack stud loading the actual measured relaxation was 0.031 inch since
startup after the acceptance test, and a total of 0.045 inch since the assembly of the
stack, well below the F ^edicted value. The stud load versus the deflection for the 5
parallel, 6 serf.^ _ s Belleville washer load compensating device used in EDS No. !. is
shown in Figure 60.
Figure 61 shores the total stack relaxation versus time fer EDS No. 1. The re-
laxation after the 40 hour acceptance test is of significance since the Belleville washer
assemblies are readjusted at that time.
Individual stud nut torque values after 2500 hours varied from 80 to 160 in-lbs with
a mean value of 110 in-lbs. This is a larger range than was anticipated and shows the
importance of using a dry-film lubricant (which has a higher stability than the spray
Teflon used on EDS No. 1) on the stud threads and nut bearing surfaces if stud nut
torques are to be relied upon for stud load measurement.
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DISASSEMBLY INSPECTION OF EDS NO. 1
Following its successful operation for 3000 hours, EDS No. 1 was disassembled
for a detail inspection. Each stack component was individually examined while the
stack was disassembled on a plate-by-plate basis, except for cell sections 14, 15, and
16 which were kept intact for further testing. The following is a summary of the major
findings during the teardown inspection.
• Individual manifold passages were inspected prior to disassembly of the stack
with a boroscope. The cavities were found to be exceptionally clean. There
was no corrosion, plugging of EDM holes, gasket extension, or deposits. The
02 "IN" cavity could not be inspected by this method due to the small internal
diameter of the 0 2 inlet restrictors.
• Flaking and blistering of the DOW 17 anodic coating on the inside of the canister
was noted. This effect existed opposite the cooling coils and was more pro-
nounced at the coolant inlet. Flaking also occurred opposite the external heater
leaving gray powdery areas. Deposits from this latter condition were found on
the canister support plates. The anodic coating inside the dome was adherent,
but would rub off ir_ a fine powdery condition. A spectrographic analysis of the
flakes indicated that the major constituent was magnesium with lesser amounts
of silicone (1 to 5%).
A plan is being developed to evaluate several types of coatings for the inside
of the canister and dome to reduce or eliminate this problem.
• Fan No. 2 had an open winding. It had been operating on two-phases from
about 2755 hours. The fan was returned to the vendor for failure analysis.
It is suspected that the failure is electrical, rather than mechanical. This
fan did not contain NPC 200-4 type soldering.
• The top end plate of the stack, fabricated from aluminum and having a black
anodic coating per MIL-A-8625, Type II, was in excellent condition. This
protective coating shr)wed no evidence of flaking, blistering, or powdering.
• The HYSAC electrodes were generally in good condition. A fern had various
staining patterns or darkened areas on the matrix side of the electrode. The
gold plated gas inlet shields were effective in preventing any localized drying
or any deformation of the electrode into the slots and grooves near the EDM
inlet. Black deposits of varying degrees were found around the edges of the
shields in all even numbered cells. All odd numbered cells were completely
free from these deposits. X-ray diffraction analysis identified these deposits
as NiO (Bunsinite) and Ni (OH) 2 (Nickel hydroxide). No difference in cell
performance for odd or even numbered cells could be correlated to this con-
dition.
• No discrepancies were noticed with the AB-40 platinum electrodes. Again
the inlet gas shields prevented the electrodes from deforming mto the slots
and grooves of the adjacent plate. Fine white deposits were found on the plate
-117-
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side of the electrode primarily arouna the shield, but in some instances,
scattered across the whole electrode surface. X-ray diffraction analysis
identified these deposits as K 2SO4
 (Arcanite) with lesser amounts of calcium
and aluminum.
• Varying amounts of a light green residue were fo,md on the outside edges of
all H2 plates before disassembly. Also, lesser amounts were found on top of
the fin sections of some of these plates. The oxygen and water plates were
completely free of any deposits of this type. By spectrographic analysis these
green deposits were identified as nickel, potassium, sodium, and magnesium.
• Except for the conditions listed below, the nickel-gold plated 0 2 , H2, and H2O
fuel cell plates were in very good condition. No blistering, pitting, or flaking
of the plating was found in any part of the stack. The purge manifold inserts
were very effective in preventing corrosion buildup in the purge manifolds.
Only a very few minor signs of corrosion were found, compared to the extensive
corrosion buildup in previous stacks which had operated for considerably
shorter periods of time. The following minor plating problems were noted:
-- Small isolated areas of plating delaminaticn occurred in the first slot
on the side near the EDM outlet hose on three of the oxygen plates.
On all hydrogen plates, the gold plating was absent (deplated) under the
seal frames on the reaction side of the plate. Chemical analysis of
these seal frame, and frames adjacent to the oxygen plates showed no
traces of gold.
The gold plating under the gasket of most water plates was deplated in
various degrees. This same effect occurred to some Lasser extent to
the hydrogen plates under the gaskets on the water side:
The negative terminal tabs welded to the sides of the hydrogen plates of
cell section 1 were intentionally broken off and siiowed so,ne evidence of
incomplete weld penetration. A more thorough radiographic inspection
procedure and an improved welding technique has been implemented to
eliminate this problem. DVT Modules SIN 15 and 16 were modified to
provide reinforcement of these tabs.
— All remaining hardware was found to be in excellent condition.
Stack Rejuvenation Tests
OBJECTIVE OF TESTS
The stack of System No. 7 was used for a series of tests to determine the feasi-
bility of rejuvenating a spent stack by flushing with fresh electrol yte to remove any
accumulated compounds and to re-establish fresh electrolyte.
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STACK FLUSHING PROCEDURE
The flushing procedure consisted of a three cycle fill, flush, and drain of the stack
reactant cs-ities with a fresh 22% KOH solution. A chemical analysis of the KOH
solution after each fill, flush, and drain indicated very little, if any, Fe, Ni, Pt, or
Pd was being removed from the stack.
'ES') RESULTS
There was a considerable improvement in the deviation of individual cell voltages
and in the KOH optimization characteristics as a result of flushing a "degraded" stack
with fresh KOH solution. However the recovery in the overall performance of the
stack was not as great ae was expected. Therefore in an effort to achieve a system
performance equal to the original stack performance System No. 7 was reflushed with
a 26% KOH solution; 4% higher than the first flush solution.
The effectiveness of the second flushing operation is shown in Figure 62 which
compares the individuai cell voltages of the flushed system to the original system.
The higher KOH con.-entration of the second flush res:::ted in a marked improvement
in the output voltage of the cells. Overall performance of the system is shown in Figure
63. The solid curves depict the pre-flush performance, and the dashed curves the
post-flush performance. In addition to the improved stack performance, all individual
cells optimized at the same KOH concentratio 1 (38%). This particular characteristic
was also observed after the first flush.
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SYSTEM NOS. 15 AND 16
DVT Mock-Up
In July 1967, prior to the fabrication of System Nos. 15 and 16 and during the
testing of the Engineering Design Stack (EDS No. 1), a Design Review was held at
Allis-Chalmers AEPD in Greendale, Wisconsin.
A mockup of the DVT systems was used to aid in the presentation of the respective
subsystems. The mockup is shown in Figure 64.
The cable layouts are shown in Figure 65 and 66. All cables were routed so they
were accessible with the module mounted in either the horizontal or vertical plane.
There are no captured or hidden cables which could be inadvertently damaged and go
w—inoticed.
With the completion of cable and tubing installation development, the mockup was
used to support the development and layout of module insulation. The templates for
fabrication of the product item were developed from the mockup lay ups and were main-
tained as the masters from which working templates were made.
Motion Model
Assembly of the motion model was completed and the vibration tests to determine
the transmissibility of the fuel cell mounting bracket were started. During checkout of
the test fixture it was found that the relative "unevenness" of the test fixture (flat
within f 0.005 inch) was distorting the slippery table sufficiently to cause loss of vacuum
beneath the table. Various torquing sequences and shim arrangements were tried as
a stop-gap measure, however repeatability could not be maintained. To correct this
problem, the fixture was machined to a flatness of t 0.001 inch and a surface finisn of
RMS60.
Preliminary vibration tests of the system mounting bracket were performed
utilizing System No. 9. Data derived from these original tests provided the criteria
for the design of the mounting bracket for the DVT modules.
The motion model consisted of the following actual or mass simulated parts.
• Condenser and Pump Assembly - Unit #3 from WRA test program
• Reactant Pressure Regylator - Aiiis-Chalmers prototype
• EMC -Prototype
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• Inverter - Prototype
• Gas Stop Valve - Mass Simulated
• Liquid Coolant Pump - Mass Simulated
• Accumulator - Mass Simulated
• Vacuum Regulator - From System No. 9
• Vent Regulator - From System No. 9
• Manifold - Mass Simulated
• Stack - Relaxation Test Stack
TEST OBJECTIVES
The objectives of the motion model tests were to:
• Determine the adequacy of the mounting bracket design when subjected to
the vibration regimes specified in the contract.
• Assess the transmissibility of the bracket, and racc asure the approximate "g"
levels which various components may encounter when mounted on the assembly.
Evaluate the performance of the bracket when subjected to off-limits levels.
Determine the corrective action required for any failure that may occur.
TEST LEVELS
The following vibration test levels were specified in Contract NAS9-6737.
• Sinusoidal
—^ In Flight. - Sine sweep from 5 to 100 Hz at a sweep rate of 0.5 octave/
minute to the following levels: 5 to 20 Hz at 0.1" DA; 20 to 100 Hz at
1.92 g.
Launch. - Sine sweep from 5 to 100 Hz at a sweep rate of 0.5 octave/
minute to the following levels: 5 to 18.5 Hz at 0.154" DA; 18.5 to 100
Hz at 2.69 g.
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• Random
In Fliahtt. - 10 to 100 Hz at a log-log increase from 0.003 g 2/Hz to
07085 g2,/Hz; 100 to 2000 Hz at 0.085 g2/Hz.
Launch. - 10 to 100 Hz at a log-log increase from 0.004 g2/Hz to 0.33
g2/Hz; 100 to 500 Hz at 0.^3 g2/Hz; 500 to 2000 Hz at a log-log decrease
from 0.33 g2/Hz to 0.8 g2/Hz.
The following random vibration levels were used for the off-limits test:
20 to 200 Hz at a 9db/octave increase from 0.00058 g 2/Hz to 0.50 g2/Hz; 200
to 500 Hz at 0.50 g2/Hz; 5CJ to 2000 Hz at a 2 db/octave decrease from 0.50
92/Hz to 0.18 g2/Hz.
MOTION MODEL 'EST RESULTS AND MODIFICATIONS
To mount the DVT Motion Model cn the vibration table, an aluminum fixture plate
was designed and fabricated. It was necessary to re-machine this plate to a flatness
within t 0.005 inch to prevent distortion of the vibration table when the fixture was
mounted to it. The resultant reduced thickness lowered the natural frequency of the
fixture to 494-497 Hz. NASA specifications required that the natural frequency of
vibration fixtures be above 500 Hz. The frequency of the fixture was raised to 503 Hz
by bolting angle braces to the edges of the plate.
The first phase of the vibration tests on the motion model was run in the Z plane
(the vertical plane perpendicular to the longitudinal axis of the stack). It was aLtici-
pated that most potential failures might occur in this plane. The initial test was a sine
sweep to the in-flight and launch conditions as follows:
• In-fli ht - Sine sweep from 5 to 100 to 5 Hz at a sweep rate of 0.5 octave/
minute to the following levels: 5 to 20 Hz at 0.1" DA; 20 to 100 Hz at 1.92 g.
Launch - Sine sweep from 5 to 100 Hz at a sweep rate of 0.5 octave/minute
to the following levels: 5 to 18.5 at 0.154" DA; 18.5 to 100 Hz at 2.69 g.
No visible damage occurred, although some loosening of attaching hardware was
noted. After tightening locknuts and assembly screws, the in-flight and launch vibra-
tion environments were repeated. No damage was detected.
The motion model was then subjected to the following launch random condition.
10 to 100 Hz at a log-log increase from 0.004g 2/Hz to 0.33g2/Hz; 100 to 500
Hz at 0.33g 2/Hz; 500 to 2000 Hz at a log-log decrease from 0.339 2/Hz to
0.08g2/Hz.
After 1-1/2 minutes, the test was shutdown to determine the cause for the ex-
cessive noise and motion encountered. The inspection disclosed fractures in the
mounting frame at the following locations.
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• A small crack in the right corner of the bottom of the bracket, 1-1/2" above
the mounting hole, and just above the gusset brace, where the 1-3/4" hole
in the frame results in the thinnest section of the corner of the frame (See
Detail A on Figure 67).
• A 1/4" long crack through the top edge of the front side panel of the bracket,
from the hole above the coolant valve to the stiffener web adjacent to the
thinnest section which results from this hole. (See Detail B on Figure 67.)
• A narrow crack in the weld along the outer edge of the mounting pad at the top
end, left corner of the frame. This crack extended along the entire edge of
this pad. (See Detail A on Figure 68.)
A complete dye penetrant inspection was made of the frame. No other fractures
N _e found, although indications of porosity in the plug welds and in some of the fillet
welds was detected. There was also an indication of insufficient weld penetration where
the triangular brace of the heater power connector mount was welded from the inside
surface only.
To strengthen the frame the following modification,- were made:
• The 1" high gusset end-brace at the bottom end corner was replaced with a 3"
high gusset brace which extends beyond the thin section of the frame. Also a
reinforcing strip was added along the side of the corner which extends beyond
the thin section. (These modifications are shown in Detail A of Figure 67 as
dotted lines).
• The right angle corner at the center of the top edge of the front panel was
reinforced with a triangular gusset, and the vertical stiffener was extended
to the top edge of the panel to brace it completely. (These modifications are
shown in Detail B of Figure 67 as dotted lines).
• The six small mounting foot pads were removed, and replaced with a 3/16"
thick cross strip which extends across the entire bottom at the top and bottom
of the frame. Individual large pads were also welded on both center foot
locations. (These modifications are shown as dotted lines in Figure 68).
• A fillet weld was added to the triangular brace of the heater power connector
mount as shown in Detail C of Figure 67.
The modified frame was reassembled to the motion model and retested in the Z
axis through the launch and in-flight sinusoidal vibration regimes with no problems.
The launch random vibration test was again shutdown after 1-1/2 minutes because of
indications of damage to the frame.
• Two condenser assembly mounting bolts loosened and vibrated out. One of
these also serves as a mounting bolt for the water pump.
• The pump had sheared off all fastening screws on its flange connection to the
condenser.
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• Two mounting spacers for the condenser had broken off at the flange.
r One mounting spacer for the vacuum regulator had broken off at the base.
The following modifications were made to strengthen the mounting frame:
• The condenser spacers were welded all around the base and drilled through
for attaching screws secured by locknuts on the opposite side of the mounting
frame. (See Detail D of Figure 67.)
• mounting spacers for the vacuum regur ator were welded all around the base.
• A triangular horizontal gusset was added above the heater power connector
mount. (This modification is shown as dotted lines in Detail C of .:gure 67.)
• Fillet welds were added along the joint of the vertical side plates to the base
plate all around the base. Staggered fillet welds were added along the joints
of ribs and panel supports to the panels and base plate to stiffen the frame
assembly.
All cracks were repair welded before the above modifications were made. The
frame was stress relieved following completion of the modifications.
After completion of
 the modifications described in above, the launch random
vibration test was rerun in the Z plane (the vertical plane perpendicular to the longi-
tudinal axis of the stack). Minor weld failures occurred at three points as shown in
Figure 69. All three failures were in areas where previous modifications had been
made. Examination of the failure at Point 2 showed that the clean-up operation after
welding removed excess material aid weakened the weld joint.
None of these failures were considered serious enough to stop the test for repair,
nor were their effects considered detrimental to the outcome of the test. The bracket
was used in its as-is condition for conducting the off-limits vibration tests.
The primary objective of this effort was to evaluate the gross adequacy of the
mounting bracket design by utilizing mass bimulated subsystems and components of
a DVT module. From thib standpoint, the test was highly successful. The design
changes which were introduced into the bracket for DVT Module SIN 15 as a result of
these tests increased the confidence of passing the vibration test. Final assessment of
both the mounting bracket and module components remained to be determined from the
results of SIN 15 testing. At this stage, it appeared that the mounting bracket would
be suitable for currently defined vibration levels, but would have to be classified as
marginal for off-limits levois.
Bracket Transmissibility.
The analysis of the In-Flight and Launch Sinusoidal data on the motion model showed
that no transmissibility factors greater than 5 were recorded. The motion model
employed the stack from System No. 9 with the end plate modified to simulate the
DVT configuration.
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The highest "g" level recorded during the DVT vibration tests for each accelero-
meter location as well as the frequency at which this high reading occurred as shown
in Tables 11, 12, and 13. The accelerometer locations and their sensing axes are
shown in Table 14.
Off-Limits Random Test Results
No visible damage to the bracket occurred during the launch random vibration
tests in the X and Y planes. However, severe weld cracks occurred during the test
in the Z plane. The areas of failure are shown in Figure 70. All failures occurred
through the welds and may have been caused partially by the weld clean-up operations.
The corrective action for these, and the previous failures is described in the following
paragraphs.
Design modifications
Based on the results of the motion model tests, the following design modifications
were scheduled for incorporation into the DVT modules SIN 17 end up. Because of the
necesity for maintaining the test schedules established for SIN 15 only those design
improvements marked with an asterisk (*) were incorporated into SIN 15. The areas
of modification are shown in Figure 71.
* • Stainless steel inserts were substituted for the insulator inserts at the mount-
ing interface between the end plate and the mounting bracket. These inserts
will improve the transmission of the stack loading to the bracket.
• A bottom end plate fabricated from i/4 inch thick magnesium will be sub-
stituted for the 1/8 inch thick plate which is reinforced with 3/16 inch doubles
at the stress points. The modification is designed to eliminate the failures
due to weld separation.
• The stud load support blocks on the end frame will be repositioned as shown
in Figure 69 Detail A to better transmit the stack loading to the bracket.
• The bottom plate is to be attached with continuous welds at all joining points.
• A modified "V" - shaped gusset will be added to tie the vertical frame
member to the right center mounting foot. This modification will improve the
transmissibility of the loads incurred at the mounting foot.
* • The top of the side plate flange was stiffened and reinforced with the addition
of the "T" shaped flange at the top edge of the main bracket.
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TABLE 11. MAXIMUM RECORDED "G" LEVELS - X PLANE
Number Launch Conditions In-Flight Conditions
"G" Level Frequency "G" Level Frequency
1 Input Level Controlling Accelerometer
2 7.08 80.0 5.25 80.0
4 5.70 20.3 4.52 100.0
5 5.65 20.3 4.23 50.0
6 10.10 80.0 5.80 70.0
7 14.70 80.0 12.60 80.0
8 7.00 70.0 4.18 80.0
9 8.77 70.0 6.75 80.0
10 5.30 70.0 4.25 100.00
11 10.30 70.0 5.20 70.8
12 12.80 80.0 10.70 80.0
13 8.65 70.0 4.85 70.0
14 11.00 70.0 10.00 70.0
15 22.50 70.0 11.10 70.0
16 12.80 80.0 10.80 80.0
17 20.00 70.0 7.65 70.0
18 7.10 70.0 5.40 70.0
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TABLE 12. MAXIMUM RECORDED "G" LEVELS - Y PLANE
Number Launch Conditions In-Flight Conditions
"G" Level Frequency "G" Level Frequency
1 Input Level Controlling Accelerometer
7.2	 90	 4.18	 70-1002
4 10.2 90 7.0 70-80
5 14.4 60 12.0 80
6 25.4 55 18.0 60
7 13.1 55, 60, 90 9.05 60,70
8 8.25 70 2.79 60
9 7.40 90 8.20 70
10 10.5 55 7.75 60
11 10.6 55 8.20 70
12 7.5 45,50,55 6.42 60
13 10.3 60 5.91 60
14 16.6 55 14.6 70
15 16.1 45 16.8 70
17 8.0 30,100 10.9 70
18 5.5 100 17.1 60,80
19 6.1 60 5.15 60
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TABLE 13. MAXIMUM RECORDED "G" LEVELS - Z PLANE
Number
Launch
"G" Level
Launch
Frequency
In-Flight
"G" Level
In-Flight
Frequency
1 Input Level Controlling Accelerometer
2 7.2 70-90 4.29 90
4 7.15 90 4.90 93
5 6.3 90 4.90 93
6 9.65 90 7.30 93
7 8.25 90 4.78 90
8 6.80 80,90 4.0 80-100
9 8.20 90 5.10 93
10 7.86 90 4.75 90
11 5.55 90 2.36 100
12 1.96 10-100 1.07 90
13 5.3 70,80 2.96 80
14 8.05 90 11.2 93
15 5.70 90 3.0 60
16 6.25 80 3.42 90
17 10.8 90 8.6 93
18 6.4 90 4.45 90
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TABLE 14. ACCELEROMETER LOCATION CHART
Number Location
Sensing Axis
Test Plane Z Test Plane Y Test Plane X
1 Control Accelerometer Z Y X
2 Right Front Foot Z Y X
4 Condenser Pressure Sw. Z Y X
5 Vacuum Regulator Mtg. Z Y X
6 Accumulator Z Y Z
7 02 Manifold Z Y X
8 Bottom End Plate Z Z Z
9 Flange H2O Pump Z Y X
10 Condenser Coolant Inlet Z Y X
11 EMCA Y Y Y
12 End Plate X Y X
13 EMCA Z Z X
14 Inverter Y Y Y
15 Signal Conditioner Z Y X
16 Reactant Regulator Z Y X
17 Gas Stop Valve Z X X
18 Inverter Z Z X
EMI STUDIES
The applicable specifications contained in Contract NAS9-6737 and other technical
papers and documents were used to prepare a preliminary electromagnetic interference
control plan.
This plan was intended as a guide-line document which defined the design criteria
engineering practices, and operating parameters of components to help in the resolution
of the various EMI problems that can exist in the fuel cell module. It also defined the
special test equipment and facility requirements needed to conduct these types of
tests.
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Test Plans for DVT Modules 15 and 16
Modules 15 and 16, built to the DVT design configuration, were used for engineering
evaluation testing at Allis-Chalmers. To meet the overall objectives of this program,
testing was conducted in two phases.
Phase I
Concentrated environmental testing (vibration and thermal-vacuum) were
conducted for approximately one month to identify and isolate any problem
areas in the DVT design, and to solve these problems before the first two
DVT modules are delivered to NASA-MSC.
Phase II
Continued testing under both static and environmental conditions to evaluate
the DVT design toward the 2500 hours of system operation objectives.
CONSTRUCTION FEATURES
The following design features were incorporated into the stack of both modules:
• Oxygen inlet purge restrictors - to improve purge uniformity.
• Inserts in the oxygen purge manifolds - to minimize plate corrosion.
• Shields on the electrodes at the reactant inlet - to minimize electrode drying.
• Increased thickness (0.075 inch) cell spacers - to allow for greater electrolyte
loading of the matrices.
• Belleville washer stack compression device - to compensate for stack
relaxation.
• Stack inverted electrically - to reduce the electrolyte corrosion near the
bottom end plate.
TESTING OF DVT SIN 15
Test Objective
To evaluate the performance of a DVT module under various vibration environ-
ments.
Test Status
The Acceptance Test and a 100 Hour Base Line Test were completed. The unit
was being readied for vibration testing at the end of Contract NAS9-6737.
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Base Line 'Pest Results
The Base Line Test consisted of operating the module to the load profile of Figur':s
72 and 73 in sequence for 100 hours. The results of this test are summarized below.
• Electrical Performance - The electrical performance of S/N 15 at the com-
pletion of the Base Line Test is shown in Figure 72.
• Cell Uniformity - The output voltage distribution of the individual cell sections
is shown in Figure 76. Only one section (No. 10) performed below the stack
average. During initial startup for the acceptance test, the module was
operated at extremely low KOH concentrations before the KOH optimization
was accomplished. This condition was a contributing factor to the variation
in cell distribution. The start-up procedures were revised for SIN 16 to
minimize this condition.
• Electrolyte Concentration Control - The maximum, minimum, and average
KOH concentration for each 10 hour segment of the Base Line Test is shown
in Figure 75. Although at times the concentration ranged slightly above the
present 39 ± 1`;( limits, the average for any 10 hour period was within the
specified limits.
• Stack Temperature - The stack temperature was maintained between 188 and
192°F. well within the specified 190 t 50 F.
• WRA Performance - The WRA performed well throughout the entire acceptance
test. After a few hours into the Base Line Test, the pump failed due to the
separation of the metal disc form the diaphragm. The diaphragm was replaced and
no further problems were encountered with the pump during the remainder of the
test. Problems were encountered with erratic operation of the moisture removal
valve near the end of the test. The valves were replaced.
TESTING OF DVT SIN 16
Test Objective
To evaluate the performance of a DVT Module under a thermal-vacuum environ-
ment.
Test Status
The Acceptance Test and a 10C Hour Base Line Test were completed.
Base Line Test Results
The Base Line Test consisted of operating the module at room ambient temperature
in a vacuum environment (2 - 3 x 10 -6 Corr) to the load profile of Figures 72 and 73, in
sequence, for 100 hours. The test results are summarized below:
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• Electrical Performance - The electrical performance of SIN 16 at the end of
the Base Line Test is shown in Figure 77.
• Cell Uniformity - The voltage distribution of the individual cell sections is
shown in Figure 78. During initial startup of SIN 16, the desired KOH con-
centration was established prior to load application. This procedure elim-
inated a period of operation at an undesirable concentration and is considered
to be a major contributor to the uniform cell section voltage distribution of
the module.
• Electrolyte Concentration Control - The maximum, minimum, and average
KOH concentration for each 10 hour segment of the Base Line Test is shown
in Figure 79. The present 39 t lac limits were maintained throughout the test.
• Stack Temperature - The stack temperature was maintained between 188 and
192°F. well within the specified 190 t 5°F.
• WRA Performance - Following replacement of the pump disc and diaphragm
and one pump check valve closed loop operation of the module was accom-
plished.
Problems During Base Line Test
The following operating problems were encountered during the Base Line
Te st.
When the pressure in the thermal vacuum chamber was reduced at ET 20
hours, the outlet pressures of the reactant regulator dropped from 37.0 psia
to 34. 5 psia.
• At ET 19.0 hours cell sections 1 through 16 dropped off approximately 50-
100 my just after a new H 2
 bottle was switched on the supply manifold. Two
manual purges failed to improve the performance of these cells. The sus-
pected H 2
 bottle was replaced and the individual cell section voltages returned
to normal.
• At ET 82 hours one moisture removal valve was erratic and the other valve
was stuck closed. The valves were removed after shutdown. The valves were
replaces with alternate supplier valves before testing was resumed, to
evaluate its performance under actual operating conditions.
The foregoing tests concluded the effort on SN-15 and SN-16 under this
program. Subsequent design verification tests on these modules are being
performed -eider the Qualification Program, Contract NAS9-8639.
-148-
rO	 co	 Cc	 N	 O	 00	 co}	 N	 m	 co	 m	 M	 N	 N
S,L'IOA - rIVUKaJOcI XOVIS
-149-
-
::	 _	
-^ .- - • _
.:.
_ .
- t- Z 	 1 ^ ter;
W - -
Y
1L
_ O
cri
__1-4 I 	 11	
-
w--
-- --_
- -= -
-
- ...	
-z
—
-- --	 3	 -_
-
-- --_-
--
-
-	 a - -- --- -—_—
- -- -'-'1W	
_-
z L
I
--
-
-
F 1 ^1
_ _ 
__ 1 1
_	 --
L	 J!- - - - -
-1 1
_
17-
i	 I I - +
I 1 I-
-J_-
-
-
^^-11= 1 L i -- - -^ 1
OO
N
00
wN
00NN
000
N
O
0
O
o	
co
z
0 Q A
CIS
3	 ^
F
aO 
E o0 O
x a3o0 P4a
o 
WZ w
0
w
0
OM
0 aN W
z2
O ty
cli	
U
WM
aa
wU
0
CG
r-i
z
H
A
CO
h0
O
aO
U
U
a
4
06
ti
a^
LL
^i L
i
. . . 
_ -
r	 +
I
I
I	 ^
LO O	 7	 O	 O
m	 00	 0
S.L'IOAI'I'IIW - ZviZN3.LOd 'PIaO
-150-
-151-
C	 M N	 .	 C7	 Ci	 00 NM	 M ^^ M
	 r. N N N
sszon - 'IVILNasoa xa vzs
N .r
xox - Koisvxsxaortoo
^r ^ 1 l
yv
^ L I
li
1
.1--1	 __
L
--4-^.
__
.L
te
r
-+-
_-
__ ^-^ -t-j
-_.+
-mil
-•
0
D
w
00
w
0
cc
M
O00
N
w
1- 4
z
FDA
0
eM
N
O
x ^
w
00
a
D
Vti
F ^
z
o
E. U
f^ x
a a°^O
ti
ti
W
O
N
M
